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ABSTRACT

This thesis focuses on a laboratory investigation of the tyre / grooved runway surface
interface. A critical review of available literature identified significant knowledge gaps. Most
literature relates to the tyre/road surface interface with relatively little considering
grooved runway asphalt. There is little literature related to laboratory-based investigation

identifying the need for new laboratory methods.

For example, no method is specified to assess the wear characteristics of grooved Marshall
Asphalt (GMA) to predict its in-service performance. Performance is based on the initial skid
resistance value and does consider the evolution of skid resistance and other interface
characteristics during the runways life span. A new test method was developed using the
Road Test Machine to subject asphalt test specimens to low-speed, high-stress conditions
to simulate wear, enabling the performance of the GMA to be assessed. It was found that
grooving contributes positively to skid resistance; however, there is a balance between
optimum skid resistance and asphalt degradation as all dimensions considered wore

differently depending on rib width/groove spacing ratio.

Photogrammetry generated a total of 88 3D models of the test surfaces. This enabled
analysis of volumetric data to explain the evolution of the British Pendulum Value of the
grooved surfaces as they were trafficked. The Volume of Material in the Peaks was found to
relate to the micro-texture surface of the aggregate. A Step Height analysis assessed how
groove and rib dimensions evolved. The width of the asphalt rib does not change when
subjected to simulated trafficking; however, the height of the rib decreases. This decrease
will reduce the water evacuation capability of the grooved surface. This method integrated

into a runway monitoring plan would strengthen the asset maintenance plan of the runway.

Significant ambiguity was found in the current EN 13036 test method for determining skid
resistance of grooved surfaces. Published research utilising the British Pendulum Tester for
grooved surfaces has consistently omitted reference to an important adaptation to the
method. New research within this thesis has significantly contributed to the knowledge of
the interface between the British Pendulum Tester and a grooved surface. This work
identified the pendulum slider bounces across the grooved surface and that pendulum
values are based on 57% less contact when not measured according to the adaption within

the method.
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Based on this work, it will be recommended that the existing method be revised to eliminate
the ambiguity and provide clarity to the method. The adaption to the method in this work
led to a novel approach to trafficking GMA at an alternative angle to that typically adapted
in practice. This simple approach demonstrated favourable pendulum data, with GMA sawn
at an angle of 6 degrees to the direction of trafficking, offering higher pendulum value

longevity than that typically used in practice (0 degrees).

Rubber accumulation of the runway surface is detrimental to the friction of the surface,
particularly during wet conditions. The thesis found that information relating to the theory
of rubber deposition on runway surfaces is limited. Rubber is deposited on the runway
surface when an aircraft lands on the runway surface due to the impact temperature
generated at the tyre pavement interface when the tyre makes contact with the runway
surface. A scaled experiment simulated within the constraints of a laboratory environment
the process of a landing aircraft tyre touching down on the runway surface. The

investigation generated 396 temperature data sets.

Whilst not a direct comparison, the method is similar to what happens in reality. The
experiment explored how parameters such as surface texture, aircraft speed and tyre load
contribute to impact temperature. It was found that landing speed contributes greatest to

impact temperature during landing conditions.

The data applies to aviation industry scenarios, and the new test methods developed have

the potential to offer insight into the performance of grooved surfaces.
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CHAPTER 1.

INTRODUCTION



1.1 Introduction

This thesis considers the tyre/runway surface interface. This chapter states the background
and justification behind the research project. The title of the thesis is defined, and the
research questions and objectives are stated. The organisation of the thesis is stated with a

synopsis of each chapter.

1.2 Background

The operational safety of a runway is one of the most important considerations for an
airport operator. The in-service skid resistance of the runway is derived from the macro
and microscale characteristics of the asphalt. Both texture scales serve different functions,

but as a collective, the combined effect of both, contribute to skid resistance.

The International Civil Aviation Organization (ICAO) is an organisation that sets the aviation
standard practices worldwide. ICAO promotes the safe and orderly development of
international civil aviation throughout the world. It sets standards and regulations

necessary for, among other things, aviation safety.

Each member state and aviation organisation works collaboratively to develop their
International Standards and Recommended Practices within ICAO (SARPs). This structure
aims to adopt a harmonised approach globally with differences based on the
implementation at a national level. Within the United Kingdom (UK), the Civil Aviation
Authority (CAA) is responsible for aviation-related activities. This is the national regulatory

body in the UK, and it implements the ICAO SARPs in national legislation.

The Aerodrome Design Manual Part 1- Runways, 2020, sets out guidance material on the
geometric design of runways and associated aerodrome elements, namely, runway
shoulders, runway strips, runway end safety areas, clearways and stop ways. Chapter 5
covers the physical characteristics of the runway, particularly subsection 5.1.22 - 5.1.25
deals with pavement surface texture. Further guidance on surface texture is provided in

Part 3 - Pavements.

Part 3 - deals with friction concerning surface drainage, stating that for friction to be

adequately achieved, three engineering design measures must be satisfied;

e Surface drainage (surface slope);
e Tyre surface interface drainage (macrotexture); and

e Penetration drainage (microtexture)



Surface drainage of the runway serves to minimise water depth on the surface of the
pavement. This is provided through an adequately sloped surface through both longitudinal
and transverse directions. Surface texture treatment is a practice used to facilitate
improved tyre pavement interaction under wet conditions. It is not, however, used as a
substitute for an inadequate runway slope. Interface drainage is regarded as the drainage

under a moving tyre. The purpose is two fold;

e To reduce residual bulk surface water from intruding into the forward area of the

interface

e Todrain intruding water to the outside of the interface.

The objective is to achieve high water dispersion rates under a moving tyre. Interface
drainage is speed-related. It is influenced by tyre speed. In this context, surface
macrotexture becomes important in the higher speed ranges. In terms of the operational
speed of an aircraft, be it landing or taking off, it is within the higher speed ranges that
adequate friction is critical to the stopping distance and directional control capability of the

aircraft.

In the context of interface drainage, it is worth noting the comparison of road surface
texture/road vehicle tyres - runway surface texture/aircraft tyres. The pavement of a road
surface is generally of a lower texture (closed textured surface) than a runway surface.
Therefore adequate drainage at the interface of a road tyre with a 'smoother' road texture
is maintained by the patterned vehicle tyre tread, which contributes significantly to the
drainage capability at the tyre interface. Aircraft tyres cannot be manufactured with similar
tread characteristics and therefore have a series of circumferentially grooved treads,
contributing much less to interface drainage. Therefore it is the role of the runway to
provide adequate interface drainage through sufficient runway texture characteristics to

maintain adequate wet weather friction.

Conventional flexible runways constructed with specifications similar to a road surface
utilised a close textured asphalt material. This material demonstrated a notable decrease in
wet friction at high aircraft speeds and increased aquaplaning at small water film
thicknesses. Therefore, surface treatment in the form of grooving (perpendicular to the
runway centreline) is used to improve wet weather frictional characteristics. Even with
modern runways, the contribution of grooving to wet weather skid resistances has been
recognised so much that grooving is specified for new runways. Figure 1.0 demonstrates
how grooving inhibits the tyre's flexibility, sealing the path of water escape, therefore

reducing the likelihood of aquaplaning to a manageable level. Natural interfacial drainage



facilitated through asphalt macrotexture is somewhat slow due to the complex arrangement
of aggregate. Grooving whilst improving interfacial drainage enhances the efficiency of bulk

water drainage as it provides a shorter drainage path for the removal of water.

TIRE TREAD

GROOYVED PAVEMENT

Figure 1.0. Tyre interfacing grooved pavement (Zuzelo, 2014).

The one action that separates the activity of an aircraft utilising an asphalt pavement and a
vehicle utilising an asphalt pavement is that when an aircraft lands. At the moment of
touchdown, the runway experiences a sudden impact force as it starts to interact with the
tyre configuration of the aircraft. The total weight of the landing aircraft is then transferred
to the runway surface, and the aircraft continues to lose speed assisted by controlled

braking.

During landing, the aircraft tyre is stationary with respect to the horizontal landing speed
of the aircraft. Upon touchdown, the aircraft tyres are required to match the speed of the
aircraft almost instantly. At the moment of touchdown, the runway experiences a sudden
impact force as it starts to interact with the tyre configuration of the aircraft. The total
weight of the landing aircraft is then transferred to the runway surface as it continues to
lose speed assisted by controlled braking. During landing, the touchdown zone of the
runway experiences a rapid transition of tyre/surface interface conditions. At the initial
moment of touchdown, heat is generated as the tyres interact with the runway surface,
absorbing the initial loading from the aircraft. During this initial period of contact, rubber
from the aircraft tyre vaporises, releasing a puff of smoke. The runway surface can only
provide limited friction with the aircraft at this period. Slip occurs as the tyres continue to
interact with the runway surface, with slip distance dependent on surface parameters of the
runway. Skid-marks are formed as a consequence of rubber becoming detached by abrasion

between the slipping tyres and the runway surface (Alroqi et al., 2016).
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Figure 1.1. Aircraft tyres upon touchdown (Groot, 2019).

Research developments in the area of asphalt grooving has suggested grooving
modifications contribute positively to skid resistance and grooving longevity, including
greater resistance to rubber contamination. Whilst such modifications have been suggested,
grooving contractor ROADGRIP (2020) is sceptical of modifications citing there is not

enough data to draw a firm conclusion.



1.3 Justification

Research (Daiutolo, 2013) relating to grooved pavements suggests a lack of understanding
between the tyre and grooved pavement interface. Available research has concluded from
analysis based on the initial skid resistance value of grooved pavements. It has not
considered the variability of skid-resistance due to trafficking and the contribution of

grooving, which further influences the interface condition.

Pressure at the tyre interface has been investigated previously through pinned strain
gauges; developments in technology - XSENSOR Pressure Pad utilised at Ulster University
have shown how interface pressure changes for trafficking. Such changes for grooved
surfaces has not been quantified or reported previously and is a contribution to knowledge

therefore.

Developments in the area of grooving have considered the geometry of the groove, limited
studies have shown trapezoidal grooving offers benefits over standard square groove;
however, there is a lack of research considering the contribution of grooving dimensions,

their influence on interface conditions and how such dimensions perform with trafficking.

Published data has omitted reference to an important method within the British Standard
for measuring grooved pavements. Such a consistent omission in research publications
suggests that BS EN 13036 - Road and airfield surface characteristics - Test methods have

notbeen considered in their entirety. Available research in this context could be misleading.

Research has reported that landing aircraft tyres generate smoke at the interface due to
rubber vaporising; this is due to tyre slippage at the interface as the stationary tyre is
expected to match the horizontal landing speed of the aircraft instantly. This has led to
investigations relating to the pre-spin up of the tyre before touchdown, which would
reduce/eliminate slippage at the tyre interface during touchdown. Research has omitted to
investigate the external mechanisms such as tyre speed, tyre loading, and surface texture,

contributing to the interface interaction.

The found information suggests further work is required to provide an understanding of

the;

e friction measurement of grooved runway surfaces

e performance of the grooved runway surface when subjected to trafficking
o effect of trafficking on the grooved surface skid resistance

o interface between the tyre and the grooved runway surface

e influence of aircraft parameters on tyre impact temperature
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1.4 Research questions, aim and objectives

The research questions are:

1. Can the durability of Grooved Marshall Asphalt (GMA) be predicted?

2. Can the friction tyre/runway surface interface be better understood?

3. Can evolution of the tyre/surface interface be modelled in laboratory experiments
in three dimensions?

4. What is the potential impact of the research presented in this thesis to the design
and maintenance of grooved runways?

5. Whatare the limitations of the research presented in this thesis and the implications

for further work?

The aim of this thesis is to critically evaluate the laboratory performance of ‘the

tyre/runway surface interface’.
The objectives are:

e (Critical review of literature to establish gaps in knowledge

e Design suitable test methods to address knowledge gaps

e Analyse the experimental outputs of test methods in respect of the friction
tyre/runway surface interface

o Evaluate the significance of specific parameters to the tyre/runway surface
interface such as interface pressure and groove parameters.

¢ Evaluate the skid resistance performance of different groove dimensions.

o Evaluate the contribution of 3D modelling to the friction tyre/runway surface
interface

e Draw conclusions and make recommendations for further research.



1.5 Organisation of the thesis

The organisation of the thesis is covered across thirteen chapters as follows:

e Chapter1 Introduction
Details the background and justification to the research presented. It presents the
thesis aim, research questions and objectives.

e Chapter 2 Literature review
Reviews existing literature on subjects that are of significance to this research.
Presents a critical review to distinguish the knowledge gaps used as the basis for the
research presented in this thesis.

e Chapter3 Research methods
Presents the research methods implemented in this thesis in order to meet the
objectives and address the research questions stated.

e Chapter4 Test Surfaces
Considers different combinations of grooving dimensions; rib width, groove width
and groove depth from a theoretical approach.

e Chapter5 Investigation of the ASTM friction tyre / idealised surface
interface using pressure mapping
The interface pressure between a smooth test tyre and idealised aluminium test
surface are considered. The distribution and severity of interface pressure due to
differing groove dimensions is considered.

e Chapteré6 Evolution of the ASTM friction tyre / grooved Marshall asphalt
interface due to simulated wear using pressure mapping
The interface pressure between a smooth test tyre and Grooved Marshall Asphalt
test specimens are considered. The change in interface pressure and distribution
due to simulated trafficking is considered.

e Chapter?7 Evolution of grooved Marshall asphalt skid resistance
The influence of grooving on skid resistance is considered using Grooved Marshall
Asphalt of differing groove dimensions. Both standard and non-standard methods
are considered. A metrological height parameter is considered to explain the change
in skid resistance.

e Chapter8 Evolution of Grooved Marshall asphalt areal parameters
This chapter investigates the evolution of areal surface texture parameters for eight
Marshall Asphalt test surfaces.

e Chapter9 Investigating the grooved surface interface with British

Pendulum Skid Resistance Tester (BPSRT).



This chapter investigates the interface between the British Skid Resistance
pendulum tester and grooved test specimens using the paint removal technique.

e Chapter 10 Laboratory Investigation of Aircraft Impact Temperature
This chapter investigates tyre impact temperature. A small, scale laboratory
experiment simulated a landing tyre making contact with a moving surface. The
influence of speed, load, tyre off set and surface texture on tyre impact temperature
was reported.

e Chapter11 Discussion
This chapter discusses the findings from the previous chapters and how they relate
to the set objectives. It presents the impact of the research.

e Chapter12 Conclusion
Addresses the research questions through the overall conclusions presented from
the research.

e Chapter13 Future recommendations

This chapter presents recommendations for further research.

1.6 Limitations
The research presented is derived from laboratory experiments. The outputs require
validation by in service measurements which is beyond the scope of this thesis. Potential

types of measurements are included in Recommendations for Further Research.
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1.7 PhD Research Process
Research aim
Research questions
S
[ Research objectives
[Chapter 1]
[ Critical literature review [Chapter 2] ]
A 4
[ Research Methods [Chapter 3] ]
[ Test Surface [Chapter 4] ]
Laboratory Investigations
4 )
Pressure Mapping - Aluminium Grooved Marshall Asphalt Areal Parameters
Surface [Chapter 5] [Chapter 8]
- J
-
Pressure Mapping - Grooved British Pendulum and Grooved
Marshall Asphalt Surface [Chapter 6] Surfaces [Chapter 9]
& J
Grooved Marshall Asphalt Skid Tyre Impact Temperature [Chapter
Resistance [Chapter 7] 10]
|
Discussionof results [Chapter 11]
Conclusions and recommendations [Chapter 12 and 13]
Figure 1.2. PhD research process.
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CHAPTER 2.

LITERATURE REVIEW
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2.1 Introduction
This chapter considers literature relating to the investigation undertaken in this research.
The review focuses on factors relating to tyre pavement interaction. The chapter concludes

with a critical review from which knowledge gaps are identified, and findings presented.

2.2 Runway Pavement

The International Civil Aviation Organisation (ICAO), 2017 defines a runway as a
'rectangular area on a land aerodrome prepared for the landing and take-off of aircraft’.

Runway pavements are constructed with either concrete (rigid pavement) or asphalt
(flexible pavement), depending on design parameters and the local ground conditions.
Flexible asphalt pavements are frequently used as runway pavements (White,2018)

therefore this thesis will focus on flexible pavements.

Marshall Asphalt (MA) is a type of asphalt concrete designed to achieve specific design
parameters. Due to the controlled environment in which MA is manufactured, its material
properties are consistent and therefore it provides the necessary functional characteristics
for airfield pavement applications; good rideability, good frictional characteristics, durable
hard-wearing surface and high strength (MOD, 2009). In the United Kingdom (UK), various
asphalt mixes are used in highway applications. Hot Rolled Asphalt (HRA) is a standard
asphalt mix where aggregate chippings are rolled into the mix after it has been laid. HRA
would be unsuitable for runway pavements because the aggregate chippings are likely to be

'plucked' from the surface or spall and create a hazard with ingestion into jet engines.

There is no fundamental difference between a runway and a highway with principles of
design applied to both; however, both differ with their use, notably, tyre load repetitions,

tyre pressures and traffic patterns.

Highway pavements are subjected to a greater frequency of loading than runway
pavements. Loading from vehicles is designed based on Equivalent Axle Single Load (EASL)
(Pavement Interactive, 2020). All vehicle types in the pavement design life are converted to
a single standard axle load, whereas airfield pavement design account for the aircraft's
maximum gross weight. Small aircraft tyres pressure is similar to vehicular tyre pressure.

However, larger aircraft increases tyre loading substantially therefore increased tyre

pressure, as shown in Figure 2.0.
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Figure 2.0. Weight Vs Tyre Pressure (Hameed, 2022)

Traffic patterns for highways move in channels where the outer shoulders of the pavement
experience trafficking only, whereas runway traffic patterns can differ depending on the

undercarriage wheel configuration.
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2.3 Runway Layout
The configuration of an airfield layout is often dependent on the availability of land coupled
with land constraints and specific environmental considerations; therefore, the runway

layout is specific to local operational constraints and can be considered airport specific.

Fixed Distance
Marker

Displaced Touch Down
Threshold Zone

Blast Pad Threshold

Runway

Figure 2.1. Typical Runway Layout (Safi, 2016).

As seen in Figure 2.1, a typical runway layout can be considered in 6 sections as noted above.
Each section serves a different purpose and may or may not be constructed differently from

the main runway section.

A blast pad may be placed at either end of the runway with the sole purpose of acting as an
emergency extension to the main runway to provide additional length in the event of
rejected take off. The threshold/displaced threshold follows the blast pad. The threshold
denotes the beginning of the runway where the aircraft aligns with the centre markings
before take off. A displaced threshold is alonger length of a threshold. These are used when
there is an encroachment (such as residential housing or farm buildings) affecting the
normal 3 degree landing position of the aircraft therefore effectively increasing the length
of the runway. Thresholds are not used for landing. Following the threshold is the
TouchDown Zone; this is the area where the pilot visually aims to touchdown during
landing. The main runway section itself is located after the touchdown zone. The main
runway section is used for take-off and landing and is painted with a series of fixed distance

markers enabling pilots to judge distance.
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Not considered above is the runway clear way and taxi exits. A clear way is an area at the
end of the runway beyond the paved surface free from obstructions and controlled by the
airport operator. Taxi exits and high-speed exits are areas intercepting the main runway,
which enable aircraft to leave the main runway section where the aircraft has slowed down

sufficiently for taxing to the airport gate.

2.4 Marshall Asphalt

Marshall asphalt is the most frequent asphalt surfacing material used for airfield
applications White, 2018. The Ministry of Defence (United Kingdom) describe Marshall
Asphalt as an asphalt Concrete designed to achieve specified stability, flow, voids and
density characteristics. Marshall Asphalt, by nature, is designed to be a dense material.
During its conception in the 1930s/ 1940, 's Invented by Bruce Marshall, his focus was to
provide a material with an optimum asphalt content which will provide maximum strength

within the mix with minimum deformation from applied loading.

Its use for airfield applications dates back to world war two, when its structural
performance was recognised and adopted as the standard airfield pavement to address
poor performance exhibited by existing asphalt pavements under increasing aircraft wheel

loads.

The Marshall method assesses the asphalt design mix's strength and flexibility. Strength is
assessed by the mix stability. Stability refers to the maximum load carried by a compacted
test specimen ata standard test temperature of 60°C. The temperature of 60°C is considered
the point at which an asphalt pavement is at its weakest. Flexibility refers to the 'plastic flow
value' or amount of deformation of the test specimen. Flow is measured by the change in
diameter of the test specimen on the same axis at which the loading is applied. This

measurement is compared prior to loading and at maximum loading.

By omission, the description of Marshall Asphalt set out by the Ministry of Defence focuses
on specific mechanical and, by consequence, structural performance characteristics, not
surface performance characteristics such as wear. There is no method specified within the
design to assess the surface performance of the mix. Therefore, there is scope for further

optimisation within the Marshall method by consideration of the surface performance.
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2.5 PavementFriction

In the context of an asphalt surface, pavement friction is the interaction between the tyre
and pavement surface. It is influenced by the pavement characteristics with particular
regard to pavement texture. Therefore, friction between the tyre and pavement is not a

single property of either it is instead a product of both, which is interdependent on both.

2.6 Friction

Friction is defined as the resistance to motion during sliding or rolling conditions
experienced when a body moves tangentially over another with which it is in contact
(Grosch, 1974). Friction (also commonly known as skid resistance in the world of asphalt)
is characterised using the dimensionless friction co-efficient, p. This is calculated based on
the ratio of the tangential force (F) at the contact interface; between the tyre rubber and the
horizontal surface to the perpendicular force or vertical load (FW) (Normal load) (Hall et

al,, 2009) and is given by:

Hall et al.,, (2009) consider pavement friction to be the force that resists the relative motion
between a vehicle tyre and a pavement surface. For automobiles, friction is described as
rolling friction due to the tangential nature of the interaction. The forces involved in rolling

friction are illustrated in Figure 2.2.

Weight, Fw

Rotation

Direction
of motion

h Friction Force, F

Figure 2.2. Frictional forces contributing to rolling friction (Hall et al., 2009).
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Figure 2.2 illustrates the resistive forces acting on a vehicular tyre as it passes over the
pavement. The tangential force required to initiate motion from inertia is called static
frictional force, and the force required to maintain this motion is known as Kinetic frictional
force. Therefore, for an automobile on a level plane, the coefficient of static friction is either
greater than or equal to the coefficient of kinetic friction. Therefore, the tyre cannot move
until there is an input force (Grosch, 1974). Figure 2.3 illustrates the movement of an object

in the static and kinetic friction regions.

£

.fs‘.max _____________

Jie = pyn

Y F

0 Static region Kinetic region —»
g g

Figure 2.3. Static and Kinetic friction associated with a moving an object (Serway and

Vuille, 2012).

As seen in Figure 2.3, for an object moving over a surface such as a tyre, the input force is
linearly counteracted by the resistive force of the pavement as illustrated in the static

region; force of static friction (f;)= Horizontal Force (F).

The resistive force can only provide a limited amount of resistance to counteract, and
therefore f; 4y, , illustrates the maximum available resistance. After this point, slippage

occurs, and the object moves from Static to Kinetic friction.

When in motion, the frictional force is lessthan that of f; ,,,,, .In Figure 2.3, the kinetic region
illustrates an object moving at a constant acceleration. The magnitude of the coefficient of
static friction (f}) = coefficient of kinetic friction (u#x) multiplied by the magnitude of the

normal force (n) exerted by one surface on the other (Serway and Vuille, 2012).
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2.6.1 Longitudinal Friction

Friction acting through the tyre when in motion can be considered longitudinal and lateral.
Longitudinal friction acts along the direction of tyre motion. Lateral friction refers to forces
that act at right angles to the direction of movement of the tyre. These forces only occur

when the tyre is in motion.

Direction of Rotation Direction of Rotation

Bead Wire, Bead Wire.

Tension in the

sidewall Tire Tread

Tire Tread (Force on (Force on
tire by tire by
- the road) the road) -
. E— | | —> |
a b.
Figure 2.4. Longitudinal forces on a tyre under acceleration (a) and braking (b)

(Edmonson, 2011)

Figure 2.4 illustrates the tensional forces in the tyre that arise due to longitudinal friction.
For the tyre to overcome inertia, the forces have to be sufficient to exceed the initial static
friction at the tyre/surface interface. At the trailing edge of the tyre contact patch, tension
in the tyre results in the trailing edge being pulled upwards; this causes the rubber to stretch
and eventually slip. On the leading edge, the opposite effect occurs; the tyre is pulled
downwards, forcing it into the pavement. At this point, the leading edge of the tyre does not

slip and remains in instantaneous contact with the pavement.
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Interaction on a molecular level can be characterised using the analogy of spring and
dampener. On a molecular level, the process of adhesion takes precedent in the tyre. As the
tyre passes over the pavement surface, the molecular interaction can be summarised in

three stages.

1. At the leading edge, an adhesive bond is formed.

2. As the tyre continues to move, the band is stretched, the plastic properties of the
rubber facilitate resistance to deformation, which creates resistance to motion,
therefore, opposing slippage.

3. As the tyre continues to move, the ability to resist deformation becomes too great,

and the bond is broken.

Figure 2.5 illustrates the three stages described.

Tread Speed of
rubber slippage (Vslip)

distance in hundredths of microns

Figure 2.5. Molecular adhesion mechanism of grip generation at road-tyre interface

(Michelin, 2001).

The analogy of spring and dampener illustrates the viscoelastic properties of the tyre.
Whilst it has been appreciated that forces are acting through the tyre, this is subsequently
transferred through the tyre contact patch to the pavement. Therefore, loading conditions

are transferred from the vehicle through the tyre to the pavement.
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According to Newton's third law of motion, every action has an equal and opposite reaction.

Therefore, the pavement will have an equal force acting on the interface of the contact patch.

This introduces the concept of rolling resistance and rolling friction.

Figure 2.6.

Free body diagram, steady state
I

Weight, Fw

Rotation Direction of
Motion

........ . >

Radius, r

Rolling Resistance
Force, Fr a > ke

Ground Force, Fe

Vehicle Tyre Schematic of rolling resistance of a tyre rolling at a constant

speed (Hall etal., 2009)

Figure 2.6 illustrates the ground force acting through the tyre's contact patch when it is in

motion. The ground force acts through the centre of pressure of the contact patch resulting

in a displacement o. The displacement creates a moment that must be overcome for the tyre

to rotate. This force is known as the rolling resistance.

2.6.2 Rolling Resistance

When a tyre is moving, the energy input, speed, has to be more significant to keep the tyre

rolling; thus, a is a function of speed, and this increases with speed. Both the tyre and the

pavement contribute to rolling resistance; therefore, rolling resistance is a function of;

e Pavement Characteristics; texture, condition, surface contaminants.

e Tyre Characteristics; bulk properties, tread design, material properties.
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Tyre rolling resistance increases for increased tyre loading, speed, reduced inflation
pressure, all of which contribute to high hysteresis losses through increased tyre
deformation (Ghosh et al., 2003). In tyres, Bridgestone considers rolling resistance to be
caused by hysteresis. As the tyre rotates, it continuously deforms under the loading from
the vehicle; this loss of energy dissipates as heat. It, therefore, is attributed to the
viscoelastic properties of the rubber. In a free-rolling tyre, Clark and Dodge (1979) consider
tyre rolling loss to be wholly attributed by hysteresis so much that other influencing factors

such as ground friction can be considered negligible.

In perspective, a steel wheel will run a further distance than that of a rubber wheel under
similar conditions. Rolling resistance could be considered relative to the amount of energy
lost when the tyre goesthrough cyclic pressuring. Cyclic pressure is illustrated in Figure 2.7.

The transition from A to B and then B to A on the curve illustrates the process of loading

and unloading the tyre.
B

0

N
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o

-
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A
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Figure 2.7. Pressure - Strain curve ofloss experienced by rubber tyres (Clarke and

Dodge, 1979).

Hall et al. (2009) consider that hysteresis relates to the amount of energy lost as a tyre
moves over a road surface and deforms due to its interaction with the macrotexture.
Hysteresis is characterised whereby energy loss (in the form ofheat); in the case of arubber
tyre, deformation, to be greater than energy recovery. Considering this, a harder tyre would

deform less and therefore reduce the rolling resistance, and a softer tyre would deform
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more and therefore increase rolling resistance. Ejsmont et al. (2018) note rolling resistance
to be influenced by tyre temperature, with Harsh et al. (2019) noting that tyre tread
temperature significantly affects tyre stiffness, it is, therefore, reasonable to consider

hysteresis to be predominantly temperature sensitive.

As hysteric energy is lost as heat at lower ambient temperatures, rolling resistance will be
much greater than that at higher temperatures. Therefore, as the tyre reaches equilibrium
temperature, the effects of hysteresis will be much less. Considering this, data presented by
Clark and Dodge (1979) and Redrouthu (2014) illustrate the influence of speed on rolling
resistance to be somewhat conflicting. As speed directly influences the tyre/surface
interaction (higher speed, more interactions and tyre deformation), it would be expected

that this directly influences tyre temperature and therefore reduce rolling resistance.

However, data presented by Clark and Dodge (1979) shows that when comparing rolling
resistance vs speed, for speed greater than 50mph, rolling resistance increases for all tyres
considered in the study. Data presented by Redrouthu (2014) supports a similar view;
however, the speed at which rolling resistance increased was greater than 62mph. Both
speeds are similar, although, given the date of publication, improvement in technology
could account for the slight difference in speed. Therefore, the influence of hysteresis below
62mph is independent of speed. Nevertheless, as previously detailed, at higher speeds, there

is a greater force required to displace the moment as presented in Figure 2.6.

2.6.3 Lateral Friction

Lateral friction forces act through the tyre when the tyre is performing a manoeuvre, or the
tyre is forced to compensate for the pavement's geometry. Lateral forces are more prevalent
in cars than aircraft tyres as aircraft do not perform the same range of manoeuvres, and

aircraft tyre tread is simple and the runway geometry consistent.

As a vehicle manoeuvres, the lateral force makes the vehicle follow a curved path; with the
addition of speed, the radius of curvature of the vehicle increases resulting in a greater
friction demand; as the pavement can only provide limited friction, sideways slip may occur.
Introducing braking and manoeuvring simultaneously leads to greater demand on the
available friction, i.e., the pavement can only provide a limited amount of friction and is,
therefore, not infinite. The available friction is shared across both mechanisms, therefore,

decreasing the amount of available friction. Figure 2.8 illustrates lateral forces acting on the

tyre.
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Figure 2.8. Lateral force acting on vehicle tyre (Kost, 2014).

In lateral and longitudinal friction, when operating at the limits of the tyre grip, the
relationship is one that where one force increases, the other must decrease by the
proportional amount. Therefore, slippage will occur where the sum of the available friction

components is exceeded (Hall et al., 2009).

2.7 Surface Texture

Various characteristics affect the available skid resistance of asphalt pavements; surface
characteristics, environmental conditions, vehicle and tyre characteristics, and Vehicle
operation. However, this review will only consider the surface characteristics with a

particular focus on surface texture.

Asphalt surface texture is characterised according to the size of its wavelength (Miller et
al.,2012). These properties influence the tyre/surface interaction within the interface of the
tyre contact patch. There are generally three surface texture wavelengths that contribute to

pavement friction, but the third contributes more to the general ride quality.

e Micro texture - Less than -0.5mm wavelength
e Macro texture - 0.5-50mm wavelength

e Mega texture - 50mm to 500mm wavelength (1S0,2022)
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Each texture contributes to skid resistance differently but works simultaneously to

contribute to the available friction.

50 5 0.5 0.05 0.005 0.0005 Texture wavelength {m)

Figure 2.9 Tyre Pavement interactions at different asphalt texture wavelengths

(Copetti and Sangiorgi, 2021).

2.7.1 Micro Texture

Microtexture refers to the roughness of the surface of the aggregate particles (fine-scale
texture). In an asphalt product, the mastic; fines and bitumen, in a mixture is the primary
contributor to wet skid resistance at low speeds Friel (2013). During wet weather
conditions, the roughness of the microtexture facilitates tyre pavement interaction as it
penetrates the semi-permanent film of water, sustaining contact and therefore improve wet

weather skid resistance. Figure 2.10 illustrates both micro and macrotexture.



Micro Macro
(texture of the stone) (overall texture of road)

-

v/

\

Figure 2.10.  Micro & Macro texture. (Sahhaf and Rahmi, 2014).

2.7.2 Macro Texture

Macrotexture refers to the larger irregularities in the road surface (coarse-scale texture).
These larger irregularities are associated with voids between stone particles. Macrotexture
is responsible for facilitating the removal of water during wet conditions. It provides a
means of drainage from the contact interface of the tyre through aggregate spacing
(Ferguson, 2017). The physical deformation of the tyre generates the frictional mechanism
associated with macrotexture at the contact interface. At higher speed conditions, the

significance of macrotexture is critical (Friel, 2013).

2.7.3 Positive & Negative Texture

Macrotexture occurs in two forms; positive and negative texture, as a result of asphalt mix
design. Figure 2.11 illustrates the difference between positive and negative textures.
Positive texture refers to aggregate particles protruding from the road surface. Such texture
contributes to pavement drainage by providing a path for water to disperse. This would be

typical in Hot Rolled Asphalt and Asphalt Concrete.
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Positive Texture

Negative Texture

Figure 2.11.  Positive and Negative Texture (DMRB, 2006).

Negative texture refers to a dense, flat, compacted surface where the drainage network lies
below the tyre plane. The negative texture is characterised by aggregate to aggregate
contact, which develops deflections from a plane downwards to the valley like furrows
(Viera et al,, 2019). Such texture is common in thin asphalt surfacings and Stone Mastic

Asphalt (SMA).

2.7.4 Mega Texture

Megatexture is a component of the surface profile of flexible pavement. Low mega texture
reduces the demands on the vehicle's suspension, especially during braking and steering; it
also reduces water ponding (BLASTRAC 2012). Unless a consistent surface characteristic,
the presence of mega texture illustrate pavement distress such as potholes (McQuaid,
2015). Poor mega texture can occur due to surface deformation such as rutting and can have

a knock-on effect such as water ponding and therefore increase the risk of aquaplaning.

2.7.5 Asphalt Grooving

The purpose of grooving is somewhat misconstrued. Grooving is not used for surface
drainage or to provide friction. It is suggested that grooving does contribute to surface
drainage and friction. Grooving removes bulk water from the surface. Zuzelo (2014) claims
that worn aircraft tyres experience better braking on grooved pavements than newly

treaded tyres on non-grooved pavements in the presence of water.
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2.7.6 Grooving Geometry
The Federal Aviation Administration (FAA) (FAA, 1997) specifies Standard Square grooving

as illustrated in Figure 2.12 to be 6mm x 6mm x 38mm centre to centre spacing.

Groove width ——Rib width———

Groove: depth

roove spacing ¢/c L Rib spacing ¢/c—

Figure 2.12.  Definition of Grooving Parameters.

There is no published research which considers the performance of grooving dimensions.
The original research pertaining to the FAA justification for recommending 6mm x 6mm x

38mm centre to centre spacing is unavailable.

Chu and Fwa (2019) evaluated the effect of different grooving parameter dimensions on
skid resistance for non-trafficked dense-graded asphalt, Portland cement concrete and an
idealised aluminium plate surface. It is not possible to make a direct comparison in terms of
skid resistance due to different material properties considered; however, the study found
that grooving contributes positively to skid resistance, and the measured PTV values had

increased with an increase between groove width and centre-centre spacing.

The study also found that gap width and gap depth had a weak correlation with measured
PTV. While the study reported the findings of different grooving parameter dimensions,
correlations were drawn by comparing the PTV against the parameters noted in Figure 2.11.
It could be argued that drawing direct correlations based on different material properties
is somewhat inappropriate due to the different texture properties exhibited by different

materials.

Grooving has developed since its introduction; however, the conservative nature of the
aviation industry constrains/delays such developments. Trapezoidal grooving has proven
to offer increased benefits to standard grooving, including similar friction co-efficient,
reduced tyre wear, reduced rubber build-up and increased pavement life Patterson (, 2012);

Pasindu and Fwa (2015). Whilst trapezoidal grooving has proven to offer increased benefits,
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it could be argued that considering the dimensions only, trapezoidal has a greater cross-
sectional area than square grooving, and therefore the greater dimensions will provide

better water dissipation on the surface, matching the cross-sectional area of both

geometries may offer greater contrast.

The data is somewhat limited, and trapezoidal grooving has notbeen in service long enough
to determine its whole life service benefits; however, studies have proved favourable.
Asphalt Grooving Contractors such as ROADGRIP (2020) consider the 'jury to be out’ as to
whether trapezoidal grooving is any better for safety over time, citing there is not enough
data at this stage to draw a firm conclusion. Both geometries provide comparable levels of
skid resistance; however, it is the longer-term service performance that has distinguished

both.

There is limited literature available on how a tyre interfaces a grooved surface. Therefore,

there is little known about the performance of grooving.

2.7.7 Anisotropic Texture

Anisotropic texture is not a new form of texture; its existence stems back about 40+ years.
This texture exhibits periodic properties such as grooves which details a consistent texture
characteristic (BS ISO 13473-2:2002). Anisotropic texture is not limited to transverse or
longitudinal grooves, but these are common methods of providing anisotropic texture, such
as those sawn laterally into an asphalt pavement or formed by grinding a concrete

pavement. Examples are illustrated in Figure 2.13.

(a) Concrete Otto Alte Teigeler (OAT) Grinding. (Otto Alte Teigeler,2017)
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(b) Marshall Asphalt Grooving .(Aviation Pros,2011)

Figure 2.13.  Examples of artificial texture.

From its introduction, the benefits of grooving have been widely researched. It is generally
appreciated in literature by Wu et al. (2002), Ju et al. (2013) and Zuzelo (2014) that
grooving facilitates tyre pavement interaction during wet weather conditions. As grooves
lie beneath the tyre, the tyre cannot seal the path of water escape, and the grooves reduce

the likelihood of aquaplaning to a manageable level.

2.7.8 Texture Vs Tyre Interface Review

The importance of texture at the tyre pavement interface is well-rehearsed in literature by
Woodward et al. (2014a), Woodward et al. (2014b), and Ejsmont et al. (2017). The
phenomenon affects vehicle stability and therefore contributes to the safety of pavements.

Vaiana et al., (2012) considers the mechanism of interaction at the interface in three parts;

e Friction,
e Adhesion,

e Hysteresis

Friction, adhesion, and hysteresis have been considered above, however not in
consideration of pavement texture. Pavement texture can be considered a variable surface
as it is subject to change under trafficking and environmental effects. Texture degradation
in the form of aggregate polishing, for example, affects the interface interaction, which

affects the available friction.

At the molecular level, polishing affects adhesion at the tyre interface. Adhesion is dominant
atlower speed conditions until critical slip occurs. Itis, therefore, reasonable to suggest that
polishing will affect the level of critical slip, which would reduce the level at which slip
occurs; this would be prominent during wet weather conditions when microtexture is

critical.
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At the macro level, texture contributes to the hysteric function at the tyre interface as the
tyre repeatedly envelopes the aggregate surface. At this point, texture influences the
transfer of tangential forces to horizontal forces which oppose slippage. Polishing
effectively reduces the texture height reducing the scale of tyre deformation at the interface,

therefore, reducing friction due to hysteric loss.

Based on the information considered, is reasonable to conclude that friction is not a
property derived from a single mechanism nor a property of the tyre and pavement surface
individually (O'Hare, 2017) buta property thatis interdependent on the interaction derived

at the tyre pavement interface as well as how a vehicle is controlled.

2.8 Measurementof Friction
Friction measurement devices generally comprise two categories; laboratory devices and
field measurement devices. Each measurement device operates on different principles, and

therefore, their frictional data cannot be directly compared.

2.8.1 Laboratory Devices

Laboratory devices are also known as portable devices due to their size and convenience.
The most common being The British Pendulum Tester (BPT). The ease of use is well known;
however, research has shown that the BPT exhibits erratic behaviour for coarse-textured
surfaces. This is further affected by aggregate gap width or the number of gaps that surface
texture exhibits (Fwa et al., 2003, Liu et al., 2004). Laboratory devices typically measure
friction at low speeds. Mataei et al. (2016) consider such devices to be influenced by the

microtexture of the aggregate.

Measurement of Grooved surfaces under BS EN 13036 states that on ‘surfaces bearing a
regular pattern such as grooved asphalt, tests should be made with the slider operating at an

angle of approximately 80° to the grooves’.
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There is no clarification as to the measurement of 80°, and this would be open to

interpretation. Two possible scenarios are illustrated as follows.

1. The slider is rotated 80° from the normal - the difficulty with this interpretation
is that the BPT is measuring friction longitudinally to the grooves and therefore
is unrealistic as to the interaction between the tyre and the grooved surface.
Figure 2.14 demonstrates a schematic of the standard interaction of the

pendulum for this scenario.

80° PENDULUM SLIDER
INTERACTION

| — ———— DIRECTION OF PENDULUM
MOVEMENT

PENDULUM SLIDER
- STANDARD TESTING 0°

DIRECTION OF PENDULUM
MOVEMENT

DIRECTION OF TYRE TRAVEL

Figure 2.14. British Pendulum slider schematic standard testing for scenario 1 for

interaction on a grooved test specimen.
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2. The tyre interacts with the grooved surface laterally ~ 90° to the direction of
travel; therefore, 80° could be interpreted as a 10° offset, as illustrated in Figure

2.15.

T 10° PENDULUM SLIDER
T R /INTERACHON

MOVEMENT

A

[T PENDULUM SUDER

-STAMDARD TESTING

B .\D!RECTIONOFPENDULUM

S T T MOVEMENT

DIRECTION OF TYRE TRAWEL

Figure 2.15. BSEN 13036 British Pendulum slider schematic standard testing Vs

interpretation 2 interaction on a grooved test specimen.

It is reasonable to suggest scenario two interpretation more realistic as the change of angle
when the pendulum interfaces the grooved surface mitigate the influence of the sawn
grooves. It has been observed that the Standard BS EN 13036 for The British Pendulum Test
has notbeen considered in its entirety. Lee et al. (2005), Pancer and Karcaca (2016) utilising
the British pendulum for grooved surfaces have consistently omitted any reference to the

pendulum interacting at 80° due to the presence of grooving.

Other portable devices include the Dynamic Friction Tester (DFT). This device differs from
the BPT in that three rubber pads on a disc rotate horizontally at a lateral speed of between
20 to 80 km/hr under a constant load. Both devices operate on similar principles in that
they measure a loss of kinetic energy due to the interaction between the rubber pads and
the aggregate surface. Similar to the BPT, the DFT exhibits erratic behaviour when
measuring coarse surface texture. Fwa and Liu (2019) consider the DFT to be unable to
measure the skid resistance of a grooved pavement due to the parallel nature of the grooves

and the potential for the rubber sliders to be damaged, striking the wall of the grooves.
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In recent times the introduction of the Wehner Schulze Friction after Polishing (FAP)
machine has attempted to evaluate the friction performance in alaboratory to predict the
performance of skid resistance over the service life of an in situ pavement (Kellermann -
Kinner and Gudrun, 2018). Whilst it is not yet portable, a mobile version exists mounted on
a truck vehicle. Friel and Woodward (2016) found that for Hot Rolled Asphalt, the interface
measured using the FAP machine is not comparable to real life, where greater amounts of

tyre drape occur at the interface.

Whilst laboratory devices have their limitations; they help evaluate the durability of skid
resistance against polishing (Chu and Fwa, 2019). There is a re-occurring theme of
laboratory friction measuring devices exhibiting limitations for coarse texture surfaces. The
application of measuring skid resistance of Grooved Surfaces with the British Pendulum
requires further clarification. The method of altering the interface angles warrants further

investigation.

2.8.2 Site Measurement

On-site measurement devices, usually Continuous Friction Measurement Equipment
(CFME), operate on the principle of a locked or fixed slip device that slides on the pavement
surface. A controlled flow of water is applied to the road surface immediately in front of the
test tyre for these devices. As the vehicle moves forward, the test tyre slides on the wet
surface, and the force generated converted to a wet skid resistance value (WDM Limited,

2020).

In the UK, the wet skid resistance of highways is monitored using the Sideway-force
Coefficient Routine Investigation Machine (SCRIM machine) and the data presented as a
SCRIM Value (SV). The test tyre is mounted at an angle of 20° to the direction of travel. The
tyre is a smooth pneumatic tyre of standard hardness and freely rotates under a known
load. This measurement is calculated to be average for each continuous 5, 10, 20m section
(WDM Limited, 2020). The SCRIM device is the only specified device to measure the skid

resistance of trunk roads in the UK.

The skid resistance of airfield pavements is measured using a device with a fixed slip of
15%-17%, the Grip Tester being the most common. The Grip tester is a trailer attached to a

vehicle that measures continuously and dynamically the longitudinal skid resistance

coefficient of the pavement expressed as a Grip Number (GN) (British Standard, 2000).
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Figure 2.16.  Findlay Irvine GripTester (Findlay Irvine, 2020)

CAP 683 document published by the Civil Aviation Authority specifies the assessment of
runway surface friction characteristics. The document provides guidance to Aerodrome
Operators undertaking runway surface friction assessments by describing the key elements
of the procedure (Civil Aviation Authority,2010). For a grip tester the document states the
minimum friction level to be 0.55. When the surface friction falls below this the aerodrome
operator has a duty to report pavement "may be slippery when wet“ to pilots until such

times when maintenance improves the frictional values.

[t is impossible to directly compare data collected from different measurement devices as
measurements are collected according to diverse principles. De Solminihac et al. (2008)
found that skid resistance measurements usually exhibit high variability. Dunford (2010)
suggests that variability results from different operating practices, including exact testlines
on the pavement surface. Dunford (2010) recommends the conversion factor of GN to SC as

SC=0.89 * GN.

In different ways, all measure the force developed on a rubber tyre or slider passing over a
wetted road surface and derive a value related to the coefficient of friction and the state of

polish of the road surface (DMRB, 2015).
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2.9 Runway friction values

Asi (2007) evaluated the skid resistance of different Marshall Asphalt (MA) mixes using the
British Pendulum. The average measured skid resistance for MA was in the region of 87
PTV. The addition of slag by 30% increased the average skid resistance to 99. By admission
Asi, (2007) conceded that the test specimens were not subjected to simulated trafficking
and, therefore, skid numbers are probably unusually high. Despite this, it would not be
uncommon for the skid resistance to increase as trafficking wears the excess surface

bitumen exposing the microtexture surface, influencing early life skid resistance.

Chu and Fwa, (2019) performed a similar analysis of grooved specimens. Similar to Asi
(2007), test specimens were not subjected to simulated trafficking. The study found that
grooving increased skid resistance from 87 PTV to 90/94 for non-standard grooving
dimensions of 5mm x 4mm x 30mm centre to centre spacing and 10mm x 8mm x 55mm

centre to centre spacing, respectively.

Patterson (2012) noted that skid resistance values measured using a Dynatest 6850 Slip
Friction Tester for ungrooved asphalt deteriorated significantly with water exposure. The
grooved sections for both standard and trapezoidal-shaped maintained consistent frictional
values throughout water exposure. Patterson (2012) found that frictional values range as

shown in Table 2.0.

Table 2.0. Patterson, (2012) Friction Findings.

Surface Texture

Surface Conditions Ungrooved | Standard Square Trapezoidal
Dry Surface 0.82~0.94 | 0.71 0.8

Wet Surface (Light [ 0.78~0.91 | 0.68 0.73

Rain)

Wet Surface (5mins | 0.62~0.91 | 0.65 0.69

After Heavy Rain)
Wet Surface (10mins | 0.7~0.91 0.71 0.71

After Heavy Rain)

*NOTE the distance for each section differed, Ungrooved = 1500ft, Standard Grooving =

250ft, Trapezoidal = 250ft, friction readings were averaged at 250ft interval.
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Patterson (2012) noted that the frictional values noted in Table 2.0 for both groove shapes
were comparable, making it almost impossible to distinguish between both based on the

frictional values. Data presented by Zuzelo (2014) also suggest comparable frictional values.

Woodward et al. (2016) considered the wear of the frictional characteristic of SMA due to
simulated trafficking. The data generally showed that the early life skid resistance declined
up to 800 wheel passes. Post 800 wheel passes, skid resistance increased up to
approximately 8000 wheel passes, where it continued to decline up to 100,000 wheel

passes.

2.10 Tyre Performance
Tyres by design are expected to perform distinct functions depending on their use; however,

generally, they all perform the following functions;

e Support the weight of the vehicle

e Provide grip for braking and acceleration

e Maintain steering and directional control

e Act as ashockabsorber from irregularities in the road surface

(BRIDGESTONE,2021)

There is two type of tyre architecture classified as Radial or Bias tyre due to their material
configuration. Figure 2.17 illustrates both tyre profiles. Change from Cross-ply tyres to
Radial tyres was brought about due to a tyre burst on the Concorde aircraft piercing the fuel

and subsequently causing the aircraft to crash (Lewis, 2010).

Figure 2.17. Radial vs Bias Ply Tyre configuration (Srirangam, 2015)
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Both material configurations are designed for different uses and therefore provide specific
performance characteristics. Radial tyres consist of cables radiating around the
circumference of the tyre crown with material ply forming a belt around the tyre; this
enables the sidewalls and the crown of the tyre to function as two independent features of
the tyre (Michelin, 2015). The radial architecture enables the sidewalls to be flexible; the
footprint of the radial tyre is not as long as the bias tyre. However, the greater width of the
crown facilitates grip, offering greater grip at angles when cornering. Figure 2.18 details the

contact patch for both tyre architectures.

Figure 2.18.  Bias Vs Radial tyre contact patch (Michelin, 2015).

Bias tyres consist of diagonally orientated cables of ply laminated diagonally across each
other; this makes the tyre less flexible, and the thick cross lamination makes the tyre more

sensitive to overheating.

Both the tyre crown and side walls are of the same manufacture; therefore, they each show
similar mechanical characteristics. The rigid structure of the bias carcass enables the bias
tyre to withstand heavier loads; however, the stiffness transmits the irregularities through
the vehicle structure. The flexibility of the radial structure facilitates comfort by cushioning
the effect of irregularities of the pavement surface. The consequence of design can affect the

performance of tyres as seen in the bias tyres where at high speed, the profile of the tyre
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becomes deformed and therefore influences the vehicle stability whereas radial tyres

remain stable.

The architecture influences the contact interface pressure, and radial structure facilitates
an even distribution of tyre load; therefore, the tyre wears evenly, whereas bias tyre contact
pressure is concentrated centrally within the circumferential axis of the tyre; therefore, the
tyre is prone to the greatest wear at the crown centre. Figure 2.19 illustrates contact

pressure for each tyre architecture.

BIAS < RADIAL
A my

Figure 2.19. Tyre Contact Pressure for Bias and Radial tyres (Michelin, 2015).

Based on the tyre configuration Bias tyres are suitable for;

e Vehicles travelling at moderate speeds with small to medium size engines

e Vehicle with flexible chassis

e Heavy or heavily loaded bikes
Radial structure suitable for:

e Powerful performance vehicles with rigid chassis

e Sporting vehicle
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In aviation radial tyres are typical for that used on aircraft. The GripTester utilises an ASTM

1844 friction measuring tyre which is of bias construction.

2.10.1 Tyre Contact Patch

An aircraft or a vehicle interacts with a pavement surface through its contact patch. The tyre
transfers its loading to the pavement and subsequently through the base layers. The contact
patch is complex due to various factors which influence its interaction at the interface, such

as surface texture at differing scales, tyre properties and vehicle dynamics.

Woodward et al., 2014 considered the influence of tyre inflation pressure on tyre contact
area, length and width. The contact area and length behave in a parabolic manner, whereas

contact width behaves linearly, as shown in Figure 2.20.
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Figure 2.20. The influence of tyre inflation pressure on tyre contact width, length and

area (Woodward etal, 2014).
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Millar et al,, (2011) showed that the engineering performance of a highway surface is not
related to the contact area but how the contact pressure is distributed within the contact
patch. It was found that not only does the contact area vary with tyre inflation pressure, but
there is also a significant variation in contact pressure distribution within the contact patch.
The findings raise the question if the term contact area refers to actual contact area or a
series of ‘contact points’ where the actual contact area is much less than stated due to the
surface texture. The study raised the need for further consideration of the distribution of

contact pressure within the contact patch

2.10.2 Comparison of Aircraft and Passenger Tyres

Whilst aircraft and road vehicle tyres play similar roles in supporting the weight of the road
vehicle/aircraft, and each operates under different environmental conditions, which is
reflected in their design. The greatest difference between aircraft tyres vs regular vehicle
tyres is that aircraft tyres have to resist greater loads when the aircraft lands and takes off
(McCarty and Tanner,1983) (Aviation Hunt,2020). For road vehicle tyres, the
environmental conditions remain relatively constant and driver dependent, whereas
aircraft tyres are exposed to a cyclic exposure to varying temperatures and pressures

(Aviation Pros, 2001).

The most critical operation of an aircraft tyre is during landing, where the tyre is forced to
match the speed of the aircraft almost instantly. The impact causes rapid flexing where the
grooved tread widens and retract due to the tyre absorbing the payload from the aircraft
(Georgia and Mayeau,1963). In addition, upon touchdown, tyre surface temperature rises
instantly so much that the critical temperature of the rubber compound is exceeded as

characterised by a puff of smoke.

Aircraft tyres are manufactured to a higher specification than road vehicle tyres. Tread
patterns on-road vehicle tyres are more complex than aircraft tyres. Aircraft tyres are
treaded with simple grooves as aircraft perform simple manoeuvres compared to vehicle
tyres. It could be argued that this also benefits the aerodynamics of aircraft tyres as the

complex treads would provide greater wind resistance than that of simple grooves.
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2.10.3 Aircraft Tyre Impact

Experimental data relating to tyre impact in the open literature is rare (Neeves et al., 2010).
Aircraft landing gears and aircraft tyres are subjected to impact conditions due to variations
in the aircraft sink speed, angle of attack and aircraft mass. The landing gear's job is to
absorb the impact energy upon touchdown to minimise any structural damage to the
aircraft (Batterbee et al., 2007). Upon touchdown, the aircraft tyres sustain the mass of the

aircraft immediately followed by the aloe struts (shock absorbers).

2.11 Tyre Interface Pressure
Douglas (2009) reviewed tyre/surface contact stress measurement research. This

identified three main systems based on strain gauge technologies.

e The first was the Stress-In-Motion (SIM) system developed in South Africa. This
system was used in many studies including de Beer (1997a), de Beer et al (1997b),
Weissman (1999), Machemehl et al (2005), Luo and Prozzi (2005) Wang and
Machemehl (2006) and de Beer (2008).

e A second system was developed in Northern Ireland and used in studies by Liu
(1992), Siegfried (1998), Woodside et al. (1999), Douglas et al. (2000, 2003).

e A third system was developed in New Zealand based on the Irish system and

experiences from using the de Beer SIM system (Douglas, 2009b).

The commonality amongst the research is that they were designed to consider truck tyres
and, to a lesser extent, passenger car tyres. The interface was a tyre interacting with
instrumented metal pins. The spatial resolution of the data was dependent on the pin
spacing. The data collected related to how the tyre and the tread elements interface the

metal pins and not the texture of an asphalt surface.

The use of strain gauge pins limited the collection of data; therefore, alternative approaches
were adopted to further this area of research. The potential of pressure mapping was first
reported ten years ago by Backx (2007), Dunford (2013) and Hamlet et al. (2015) through
the use of pressure-sensitive film. This method offered greater insight than the strain pins;

however, it required post-processing to produce useable data.

Pressure mapping using sensors was reported by Conville (2010), Millar et al., 2011. Friel
(2013), and Woodward etal. (2016). Pressure mapping using sensors enabled the collection
and processing of data in real-time. Unlike pressure film, which can only be used as single

use, utilising sensors could be reused many times.
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2.11.1 Ulster Tyre Road Surface Interface
The Ulster Tyre Road Surface Interface (UTRSI) method was developed in Ulster University
laboratory and used to measure actual road/tyre interfaces. The method consists of three

elements:

e Vertical Pressure Mapping,
e A Modified Wheel Tracking Device fitted with an ASTM Friction Tyre,

e Asphalt Test Specimens subjected to simulated trafficking.

Woodward et al.,, 2020 highlighted the potential to compare interface properties of asphalt
subjected to simulated trafficking enabling change in interface conditions such as contact
area or pressure frequency and pressure distribution to be evaluated. The research
highlighted the complexity of an asphalt surface, and therefore considering an idealised

surface simplifies the complexity and therefore facilitates understanding at the interface.

2.12 Tyre Temperature

The performance of tyres is influenced by tyre temperature. In motorsports, tyre
temperature is of critical importance as it is considered to influence the grip level to the
pavement surface (Your Data-Driven, 2020). The grip is influenced by temperature, and
there is a balance to be struck in terms of maximum grip levels for the least tyre degradation.
As temperature influences grip in motorsport, the tyre is sacrificial in that the tyres are
pushed to their maximum to maintain the best time. Therefore, monitoring tyre
temperature enables race teams to make informed decisions on the racetrack and gain an

advantage over the vehicle's performance.

In aviation, tyre temperature is not monitored for this purpose; however, tyre temperature
contributes to tyre degradation and particularly tyre temperature is of importance as

extreme temperature contributes to rubber deposition during touchdown (Wang, 2019).

Temperature influences the stiffness of the tyre (Harsh and Shyrokau, 2019), (Kelly and
Sharp, 2012) which further influences the tyre's grip by allowing the tyre greater flexibility
to envelope the pavement surface. Both air temperature and pavement temperature will
contribute to tyre surface temperature. Tyre speed contributes to tyre surface temperature
as the frequency of interaction between the pavement and surface is directly influenced by
the number of interactions with the pavement texture. As aircraft tyres go through varying

cyclic conditions and perform manoeuvres in short and sharp time frames, it is reasonable
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to consider that the aircraft tyre surface temperature is highly transient and therefore does

not have sufficient time to reach thermodynamic equilibrium.

Temperature measurement of tyres is complex as the temperature under investigation can
either be the bulk temperature, the temperature of the tyre carcass relating to the internal
temperature of the rubber, or the surface temperature; relating to the tread temperature.
The devices considered in this review relate to surface temperature. Conant et al. (1970)
stated that as tyre speed increases, the rate of heat generation in the tyre increases, which
acts to cause a rise in tyre temperature. However, the accompanying increases in airflow
around the tyre cause a decrease in tyre surface temperature. Conant etal., (1970) conclude
that the relationship between bulk temperature and surface temperature is highly speed

dependent.

Conant et al., (1970) concluded that radial tyres were cooler on the surface than bias tyres
and are less sensitive to temperature changes due to speed, inflation pressure and load.
Anderson, (1996) supports this conclusion suggesting Bias tyres are adversely affected by
changes in load and speed; however, he recommended further work to quantify the

temperature profile distinction.

2.12.1Tyre Impact Temperature

Similar to tyre impact data, references to tyre impact temperature data is rare in the
literature. Aircraft tyres generate heat during landing, taxiing and take off due to the flexure
of the rubber. The poor thermal conductivity of rubber provides a means for build-up of
heat, more so greater heat built up than can be dissipated, particularly for aircraft tyres

(Hunter etal., 1987).

Aircraft tyres, upon touchdown, initially skid due to a greater difference between the
tangential velocity of the tyre radius and the horizontal landing speed at touchdown (Alroqi
et al.,, 2017) as the tyre is required to match the speed of the aircraft instantly. Pavements
cannot provide infinite friction levels, and therefore, as friction is limited, slippage is
inevitable. Slippage results in the tyre tread temperature rising immediately within 0.1
seconds. The increase exceeds the critical temperature of the rubber, which is in the region
0f 200°C (Alroqi et al., 2017); therefore, rubber at the tyre surface is incinerated/vaporised

and lost due to deposition by abrasion of the pavement surface.

Alroqi et al. (2017) aimed to eliminate the vaporising of the rubber upon touchdown by

reducing the difference between the horizontal landing speed and the tangential difference
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of the tyre by introducing a wind turbine to rotate the tyre prior tyre touchdown. The study,
whilst appreciating high-temperature occurrences, did not detail temperature Figures nor

investigate specific parameters which would contribute to this temperature.

2.12.2 Heat Generation in Aircraft Tyres

Heat generation in aircraft tyres is presented in Goodyear, (2020) manufacturer's guidance
and operation manuals. As aircraft tyres operate in extremities in terms of speed and load,
heat generation has a greater detrimental effect on the tyre. Figure 2.21 illustrates the

internal heat generation in an aircraft tyre.
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Figure 2.21. Heat generation in an aircraft tyre; Taxi Speed Vs Temperature Rise

(Goodyear, 2020)

Figure 2.21 illustrates the heat generation in an aircraft tyre with three thermistors placed
inside at the bead, tread shoulder and tread centreline. The general relationship notes that
at lower speeds, there is curvature with temperature rise, demonstrating the temperature

stabilises / slowly increases with taxi speed. The dotted line represents the maximum
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recommended taxi speed for the tyre considered. The relationship between speed and
temperature shows that the faster the aircraft travels over a given distance, the hotter the
tyres become (Goodyear, 2020). At the recommended speed, the internal tread temperature

has risen to 65°C.
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Figure 2.22. Heat generation in an aircraft tyre; Percentage Vs Temperature Rise

(Goodyear, 2020).

Figure 2.22 illustrates heat generation in an aircraft tyre with percentage tyre deflection.
The dotted line represents the maximum deflection the aircraft tyre is designed to. The data
shows that the temperature rises gently within the recommended limit of 32% deflection.
Below 32% represents the over inflation, with greater than 32% representing under
inflation. The data shows the critical nature of 32% with heat generation for the bead rising

rapidly for deflection greater than 32%.

46



TEMPERATURE RISE V5 TAXI DISTANCE

250 140
SPEED = 30 MPH
= DEFLECTION = 32% READ 120
w2 200
=4 100
E 150 80
= ‘C
b TREAD SHOULDER | 6o
= 100
P TREAD CENTERLINE | 40
= 50
120
0 -0
A 0 10 20 30 40 50
TAXI DISTANCE - THOUSAND FEET
0 15

5 10
TAXI DISTANCE - KILOMETERS

Figure 2.23.  Heat generation in an aircraft tyre; Taxi Distance Vs Temperature Rise,

30mph - 32% deflection (Goodyear, (2020).
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Figure 2.24. Heat generation in an aircraft tyre; Taxi Distance Vs Temperature Rise,

60mph - 40% deflection (Goodyear, 2020).
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Figures 2.23 to 2.24 illustrate heat generation in aircraft tyres for taxi distance at 30mph
and 60mph respectively. The data illustrates a gradual increase in heat generation on the
tread for the slower speed within the operational deflection of the tyre. Tread internal
temperature had risen to 50°C for a distance of 15km. As the tyre reaches extreme operating
conditions, Figure 2.24 shows the detrimental effect of heat generation with a linear

increase in heat generation, causing the tyre to fail at 144°C, having only travelled 9 km.

2.12.3 Rubber Deposition

Upon aircraft touchdown, when the rear landing gears make contact with the pavement
surface, rubber is deposited from the tyre to the pavement due to heat and abrasion during
the spin-up process of the tyres (Simpson, 1989). At critical rubber temperature, in the
region of 200°C, the rubber bonds in the tread break and therefore are easily worn by
abrasion forces. In addition to this, under slippage, rubber is also lost to evaporation, which

constitutes a third of the total lost rubber from the tyre (Alroqi et al., 2017).

Rubber accumulation is detrimental to the available friction co-efficient as it coats the
micro-texture and occludes the macrotexture as rubber build-up increases. The rubber
coating alters the geometry of the micro-texture surface by changing sharp asperities to
rounded spheres. This change in geometry inhibits the hydraulic pressure generation
necessary to penetrate the film of water of wet pavement. Furthermore, this also affects

adhesion in dry pavements Graul and Lenke (1985).

Whilst studies focus on removing rubber deposition; few exist as to the theory of deposition
in the literature. Rubber deposition is a function of the number of aircraft landings. As the
pavement characteristics is an influencing parameter for rubber deposition, Yager (1969)
found that transversely grooved pavements do not significantly increase rubber deposition.
Simpson (1989) also supports a similar view citing that grooved pavements accumulate less

rubber for a given amount of usage than ungrooved pavements.

The link between aircraft impact temperature and rubber deposition has been established.
However, as the temperature is a significant contributing factor to rubber deposition, there
is no experimental data available in the literature regarding the variables; speed, load,

texture, that contribute to impact temperature.
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2.12.4 Tyre Temperature Measurement
Various methods of temperature measurement exist, such as infrared measurement and
thermocouples, each operating on different principles to obtain temperature. Both contact

and non-contact methods are used. This review focuses on non-contact methods.

The infrared temperature measurement system determines temperature from the emitted
energy from objects. Different objects emit infrared energy depending on their emissivity.
Emissivity varies with temperature and spectral response (wavelength); each material will
absorb and reflect different percentages of energy. Darker surfaces such as rubber have an
emissivity of 95%, whereas metal surfaces such as polished stainless steel have an

emissivity of 14%. Figure 2.25 details the infrared temperature measurement system.

B —| 197.5°C

Object Optics Sensor Electronics Display

Infrared System

Figure 2.25. Infrared Temperature Measurement System (Flir, 2020).

Infrared temperature measurement can be conducted either through thermal imaging or a
pyrometer. Both methods work according to the same principle; they detect infrared
radiation and translate it into a temperature reading (Flir, 2020). However, one method may
be more appropriate than the other, depending on the application. A pyrometer consists of
a spot measurement and provides a single temperature measurement, whereas a thermal
imager provides an image with a colour ramp illustrating the temperature difference
through colour. The pyrometer consists of a single-pixel reading. The thermal image will
consist of many thousands of pixels, with each recording a spot measurement, therefore,
detailing a greater quantity of data. Flir, 2020 notes that with a spot measurement, the

operator can easily miss crucial information. Figure 2.26 illustrates what both devices 'see’.
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What a spot pyrometer 'sees’.

What a thermal imaging camera 'sees”

Figure 2.26.  The field of view from both methods of measurement (Flir, 2020).

Various factors influence temperature measurement and different temperature
measurement devices set up similarly may record different temperatures. Airflow is of
interest when measuring tyre surface temperature and is of further significance with tyre
speed. Due to the convection of heat at the tyre surface, the air around the surface is of a
similar temperature. As speed increases, the flow of air increase surrounding the tyre and
therefore, airflow is greater. This flow replaces the surrounding air with new air which has
notyet adapted to the surface temperature of the tyre. This airflow affects the heat exchange
and therefore increases the greater temperature difference between the surface of the
measuring object and the ambient temperature conditions. This difference, therefore,

influences the measured temperature (Testo, 2022).
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2.13 Critical Review of Literature

The literature review has considered the aspects of tyre/surface interaction. It has

highlighted the following areas which need further consideration.

The focus of this research is runway surfaces, however majority of the literature considered
related to road pavements due to lack of research relating to runway pavements. Given the
similarities between both pavements it is considered literature for roads is relatable to

runway pavements.

Marshall Asphalt dates to the second world war. Due to the poor structural performance of
asphalt used for airfield applications at that time, the design focus of Marshall Asphalt was
strength to withstand increasing wheel loads from aircraft. Therefore, there was no focus
on how the material wore. This is still the case, and there is no method to determine how

the surface of Marshall Asphalt wears.

Asphalt grooving is a method where grooves are sawn laterally into asphalt pavements.
Research has considered the extent to which asphalt grooving improves wet weather skid
resistance. However, it omits to consider the performance of asphalt grooving with
trafficking and further omits to consider the performance of alternative grooving

dimensions. There is no method to determine how grooved Marshall asphalt wears.

The tyre surface interface has been previously considered between an asphalt surface and
a vehicle tyre; with technological developments, the methodology has been improved from
strain gauge instruments to digital technology. To date, there has been no tyre/pavement
research relating to the tyre interface between a tyre and a grooved surface/ grooved

asphalt surface.

The British Pendulum BS EN 13036 method is used within the asphalt industry to assess
the skid resistance performance of asphalt surfaces. A consistent omission relating to
grooved surfaces from research suggests the method has not been considered entirely.
There is an ambiguity within the standard relating to the method adaption for grooved

surfaces, and there is no diagram to explain this adaption.

Rubber accumulation at the touchdown zone of a runway surface is detrimental to the
available pavement friction as it coats the surface of the aggregate micro-texture. The
deposition of rubber occurs due to impact temperature when the tyre touches down on the

pavement surface. Alroqi et al., 2017 found that the heat generated at the tyre interface
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could be reduced by pre-spinning the tyre before touchdown. The study established a link
between impact temperature and rubber deposition, and it did not consider how and to

what magnitude aircraft parameters such as speed and load conditions contributes to tyre

impact temperature.
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CHAPTER 3.

RESEARCH METHODS
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3.1 Introduction

This chapter considers the research methods used in this thesis. They have been divided

into the following:

e ASTM friction tyre / test surface interface using pressure mapping using the Ulster
Tyre Road Surface Interface (UTRSI) method.

e Accelerated wear of grooved Marshall Asphalt using the Road Test Machine.

e Determination of 3D areal parameters using Zephyr and Mountains Map software.

e Use of paint removal to investigate interface contact area.

e Measurement of skid resistance using the British Pendulum Tester.

e Tyre impact temperature using the Ulster Loaded Tyre Road Assimilator (ULTRA).

Full details of how these methods were used are given in subsequent chapters.

3.2 Apparatus

The Ulster Tyre Road Surface Interface (UTRSI) test method (Woodward, Millar, Tierney
and Ferguson, 2020) was used to investigate the ASTM friction tyre / test surface interface.
The UTRSI method was developed over a period of 10 years at Ulster University to address

the knowledge gap relating to how a tyre interacts with a surface.

Although the emphasis in development of the UTRSI method was friction, the data can be
used to better understand other interface properties relating to both the surface and the
tyre. With respect to this thesis the UTRSI method was used to investigate the ASTM friction

tyre / grooved surface interface.

The UTRSI method has four main elements i.e. vertical pressure mapping, a modified small
wheel tracking device fitted with an ASTM friction tyre and test specimens subjected to slow
speed high stress accelerated trafficking that allow changes in time to be assessed. The test
tyre used for all investigations in this thesis was an ASTM 1844 friction measuring tyre

typically fitted to a GripTester to test runways. The ASTM tyre was unworn.

In the UTRSI method, the tyre is fitted to a modified Wessex wheel tracking device adapted
to facilitate tyre/surface interface research. The test equipment is shown in Figure 3.0. The
standard vertical load onthe ASTM friction tyre when fitted to a GripTester is 20 kg or 0.19
kN (ASTM, 2015). This was achieved by hanging 0.76 kg on the end of the lever arm of the
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modified Wessex machine. This was confirmed by measuring with aload cell. All testing was

carried out with the recommended tyre inflation pressure of 20PSI.

The test specimen is located on a table that can be moved under the loaded tyre. A flexible
XSENSOR pressure mapping system is placed between the tyre and test specimen to
measure the distribution of vertical (z-axis) contact pressure within the contact patch. The
spatial resolution of the pressure pad cell size is 2.54mm x 2.54mm. Each cell records a

pressure value for an area of 6.45mm?2.

The pressure pad is used in conjunction with XSENSOR 3 Pro software to capture the data.
Two types of measurement are possible. The first is a simple static measurement of vertical
pressure. The second type of measurement involves pushing the test specimen slowly under
the tyre whilst recording data frames. As the tyre tracks over the grooved surface, the

sensors capture the change in vertical contact pressure.

Figure 3.0 shows the test set up with the ASTM friction measuring tyre resting on the flexible
XSENSOR pressure pad. The computer screen shows the contact interface data just
recorded. In this example, 250 individual frames have been merged to form the composite
image shown on the computer screen as the grooved test surface was pushed slowly

underneath the test tyre.
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Figure 3.0. Flexible XENSOR pressure pad set up for UTRSI testing.

3.3 Accelerated wear of grooved Marshall Asphalt using the RTM

The Road Test Machine (RTM) was used to subject Marshall Asphalt test surfaces to
simulated trafficking in accordance with Appendix H of TRL 176 (Nichols, 1999). The RTM
is shown in Figure 3.1. Figure 3.2 shows one of the Marshall Asphalt (MA) test specimens
located in the RTM.

The RTM consists of a circular table that can accommodate up to ten slab specimens of
305mm x 305mm x 50mm. The table rotates at a single speed of 10rpm, which equates to
1.1m/s. Two tyres are positioned vertically above the rotating table. Tyres are 195/70R14.
Each tyre applies a static load of 5 kN onto the surface of the test specimen. As the table

rotates, the tyres track transversely across test specimens.

The RTM is housed in an environmental chamber with a temperature of 10°+ 2 °C. The test
specimens were subjected to slow speed, high stress accelerated trafficking. Trafficking was

determined as the number of wheel passes the test specimens were subjected to.
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Figure 3.1. The Road Test Machine.
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Figure 3.2. Grooved Marshall Asphalt Test Specimen in the RTM.
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Prior to the start of RTM testing, each MA test surface was measured for wet skid resistance
using the British Pendulum Tester (BPT). The surface was photographed for 3D modelling
and its interface with an ASTM friction tyre measured using the merged frames version of

the UTRSI method.

RTM testing was stopped at 200, 400, 800, 1500, 3,000, 6,000, 10,000, 30,000, 50,000 and
75,000 wheel passes to repeat these test methods to determine how each MA test surface
had responded to simulated trafficking. Trafficking intervals were based on a visual

observation of the test surfacing during simulated trafficking.

3.4 Determination of 3D areal parameters using Zephyr and Mountains Map
software

The UU 3D Test method (Woodward, et al., 2017) was used to determine a range of 2D and

3D areal parameters for the test surfaces. The 3D models were created using Close Range

Photogrammetry (CRP). The photographs were captured using a Canon EOS 5D fitted with

a 70 mm lens. LED lighting was used.
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Figure 3.3. Capturing images over lapping technique (Hamilton, 2016).
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CRP involves taking a series of images of the test surface under consideration. The software
used was Zephyr Pro by the Italian company 3Dflow. The process relies upon images that
have at least 60% forward overlap and at least 30% side overlap as shown in Figure 3.3.

The process of creating a 3D model using photographs involved four key stages;

e Importing Images: Utilising Zephyrs ‘Image Quality Index’ function enables images
to be ranked according to the image quality. The Image Quality Index grades the
imported image based on its quality. A high scoring image does not necessarily
regard the image as a good quality image; however, low scoring images were

discarded from the model.

e C(Creation of point Clouds: Two-point clouds are created, a Sparse Point Cloud and

Dense Point Cloud respectively.

e Model Orientation and Scaling: The software cannot automatically recognise the
area of interest and must be manually orientated. Orientation involved defining
the up vector manually by using the triangle method. Scaling of the model involved
selecting at least two Control Points from the steel ruler included in the

photographs. This allows the 3D model to be scaled in millimetres.

e Exporting the Model: The Dense Point Cloud is exported in txt format for analysis

in Digital Surf MountainsMap software.

The Zephyr txt file was imported into Digital Surf MountainsMap Software V 7.4 for analysis.
Full details are given in later chapters and workflows included as Numbered Appendices

that explain how the 3D models were analysed.

3.5 Use of paint removal to investigate interface contact area

Water-based pink paint was used to investigate the contact interface between the British
Pendulum and test surfaces. The technique quantified contact by determining the amount
of paint that was removed after a pendulum swing. The contact area i.e., area of paint

removal was quantified using Image Pro image analysis software.
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A ruler was included in each photograph to scale the image. Image Pro quantified contact
area based on differences in colour. Figure 3.4 illustrates how the software determined

contact area based on colour differentiation.

Figure 3.4. Image pro quantification of interface contact based on colour

differentiation.

Figure 3.4 shows the area of interest. The image shows the footprint or contact patch of the
BPT highlighted in green within each rib. The software quantified contact area by
distinguishing colour difference within the image. The yellow ellipsoids were used to
programme the software to recognise the pink paint and the blue ellipsoids were used to
programme the software to recognise the silver aluminium surface. Based on these two
colour differences the software could distinguish the colour difference and determine

contact area by quantifying the area of aluminium surface as highlighted in purple/blue.

3.6 Measurementof skid resistance using the British Pendulum Tester

Skid resistance was carried outin accordance with BS EN 13036-4:2011. The equipment is
shown in Figure 3.5. A 76.2 mm wide slider and sliding length of 126 mm was used. Room
temperature during testing was maintained at 20° C +/- 2° C. In Figure 3.5 pink paint has

been added to the test surface to determine the pendulum / test surface contact area.
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Figure 3.5. The British Pendulum Tester.

Pendulum testing was performed at two angles i.e. according to the standard as well as an
addition angle of interaction. The standard method as set out in BS EN 13036 states for
surfaces with a regular pattern such as grooves tests should be made with the slider
operating at an angle of approximately 80° to the grooves. This statement is open to
interpretation as considered in sub section 2.7.1. The pendulum testing angle is

demonstrated in Figure 3.6.
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Figure 3.6. Plan view Schematic of the British Pendulum rubber slider interacting with

Grooved Marshall Asphalt test specimen at 90° and 10°.

3.7 Tyre impacttemperature using the ULTRA
The Ulster Loaded Tyre Road Assimilator (ULTRA) was used to simulate a tyre dropping

onto a moving surface. The ULTRA is shown in Figure 3.7.

Figure 3.7. The Ulster Loaded Tyre Road Assimilator.
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The ULTRA consists of a steel drum which can rotate to a maximum of 300 revolutions per
minute (rpm) or equivalent to 64.3 km/h. A test surface can be fixed to the interior surface
of the drum. A loading carriage is mounted at 90° to the steel drum. This holds the ASTM
friction measuring tyre that is fitted to the GripTester. The tyre is free to roll on the internal
surface of the ULTRA drum. . During a test, the drum was brought to a specified rotation
speed and the tyre dropped onto the rolling surface. Two devices were used to measure the
tyre surface temperature. The devices are shown in Figure 3.8. A Texsense INF (V/T) 150 °
C uses a data logger to record voltage which is converted to temperature. A Micro-Epilson

thermoIMAGER 400 was used to video the surface temperature of the tyre.

Micro-Epilson

Device \

Figure 3.8. Impact temperature measurement equipment.
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CHAPTER 4.

TEST SURFACES

64



4.1 Introduction

This chapter considers different combinations of rib width, groove width and groove depth
from a theoretical approach. This has produced a series of look-up tables and an Excel rib /
groove calculator. These can be used to obtain a range of parameters such as number of ribs
per linear meter, rib area and groove volume per square meter. The second part of this
chapter considers the preparation of test surfaces that were investigated and the reasons

for their selection.

Groove width —Rib width——

Groove: depth

Lroove spacing C/CJ »—Rib spacing c¢/c

Figure 4.0. [llustration of rib and groove terminology.

4.2 Determination of rib / groove look up tables

The terminology shown in Figure 4.0 has been used throughout. This illustrates the terms
rib width, groove width, groove depth, groove spacing and rib spacing. The following look-

up tables were derived.

Table 4.0 and Figure 4.1 determine the volume of a single groove 1000 mm long for different
groove widths and depths. Table 4.1 and Figure 4.2 is the number of grooves for 1000 mm

for different groove spacings and widths.

Table 4.2 is the volume of grooves for a 1000 x 1000 mm area. Figure 4.3 is the area of a
single rib 1000 mm long for different rib widths. Table 4.2 and Figure 4.4 is the volume of

grooves for a 1000 x 1000 mm area for different rib and groove widths.
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Table 4.0 Volume for a single groove 1000mm long

Groove Groove depth (mm)
width (mm) | Volume (mms3)
2 4 6 8 10 12
2 4000 8000 12000 16000 20000 24000
4 8000 16000 24000 32000 40000 48000
6 12000 24000 36000 48000 60000 72000
8 16000 32000 48000 64000 80000 96000
10 20000 40000 60000 80000 100000 120000
12 24000 48000 72000 96000 120000 144000
14 28000 56000 84000 112000 140000 168000
16 32000 64000 96000 128000 160000 192000
18 36000 72000 108000 144000 180000 216000
20 40000 80000 120000 160000 200000 240000
22 44000 88000 132000 176000 220000 264000
24 48000 96000 144000 192000 240000 288000
26 52000 104000 156000 208000 260000 312000
28 56000 112000 168000 224000 280000 336000
30 60000 120000 180000 240000 300000 360000
400000
350000 Groove
Depth
300000
&5250000 PY ® 2mm
g .
© 200000 IS J ¢ 4mm
£ °
= P 6mm
= 150000 3
- ) o e © ® 8mm
°
100000 T e ¢ ¢ 10mm
50000 $ o o o c o © ¢ ° ¢ 12mm
[ ] [ 4 ® Py Y [ ]
o8 88 ¢
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Groove width (mm)
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Figure 4.1. Volume of a single groove 1000mm long for different groove widths and
depths.
Table 4.1 Number of grooves for 1000 mm
Groove Groove width (mm)
spacing Number of grooves
(mm) 2 4 6 8 10 12 14 16 18 20
2 250.0 | 166.7 | 125.0 | 100.0 | 83.3 | 71.4 | 62.5 55.6 50.0 45.5
4 166.7 | 125.0 | 100.0 | 83.3 | 71.4 | 62.5 | 55.6 50.0 45.5 41.7
6 125.0 | 100.0 | 83.3 | 71.4 | 62.5| 55.6 | 50.0 45.5 41.7 38.5
8 100.0 | 83.3 | 71.4 | 62.5 | 55.6 | 50.0 | 45.5 41.7 38.5 35.7
10 83.3 | 714 |625 |556 | 50.0]|455]|41.7 38.5 35.7 33.3
12 714 | 62,5 | 556 |50.0 |455]| 417|385 35.7 33.3 31.3
14 62.5 | 55.6 |50.0 |455 | 417|385 357 33.3 31.3 29.4
16 55.6 | 50.0 |45.5 |41.7 | 385357333 31.3 29.4 27.8
18 50.0 | 455 |41.7 |385 |357]333]313 29.4 27.8 26.3
20 455 |41.7 |385 |357 |333]|313]|294 27.8 26.3 25.0
22 41.7 |385 |357 |[333 |313]|294|278 26.3 25.0 23.8
24 385 | 357 |[333 |313 |29.4]278] 263 25.0 23.8 22.7
26 357 | 333 |313 | 294 | 278|263 | 250 23.8 22.7 21.7
28 333 | 313 |294 |278 |263|250]238 22.7 21.7 20.8
30 313 | 294 |27.8 |263 | 250|238 227 21.7 20.8 20.0
32 294 | 27.8 |263 | 250 | 238|227 217 20.8 20.0 19.2
34 278 |263 |25.0 |238 | 227|217 2038 20.0 19.2 18.5
36 26.3 | 25.0 |23.8 |227 |217|208]20.0 19.2 18.5 17.9
38 25.0 |23.8 |227 |21.7 | 20.8]|20.0]19.2 18.5 17.9 17.2
40 23.8 | 22.7 |21.7 |208 |200]|19.2 185 17.9 17.2 16.7
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Figure 4.2. Number of grooves for 1000 mm for different groove spacings and widths.
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Figure 4.3. Area of a single rib 1000 mm long for different rib widths.
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Table 4.2.

Volume of grooves fora 1000 x 1000 mm area.

Rib Groove width (mm)

width | Volume of grooves (mm3)

(mm) 4 6 8 10 12 16 20

2 1333333 | 1500000 | 1600000 | 1666667 | 1714286 | 1777778 1818182

4 2000000 | 2400000 | 2666667 | 2857143 | 3000000 | 3200000 3333333

6 2400000 | 3000000 | 3428571 | 3750000 | 4000000 | 4363636 4615385

8 2666667 | 3428571 | 4000000 | 4444444 | 4800000 | 5333333 5714286

10 2857143 | 3750000 | 4444444 | 5000000 | 5454545 | 6153846 6666667

12 3000000 | 4000000 | 4800000 | 5454545 | 6000000 | 6857143 7500000

14 3111111 | 4200000 | 5090909 | 5833333 | 6461538 | 7466667 8235294

16 3200000 | 4363636 | 5333333 | 6153846 | 6857143 | 8000000 8888889

18 3272727 | 4500000 | 5538462 | 6428571 | 7200000 | 8470588 9473684

20 3333333 | 4615385 | 5714286 | 6666667 | 7500000 | 8888889 10000000
22 3384615 | 4714286 | 5866667 | 6875000 | 7764706 | 9263158 10476190
24 3428571 | 4800000 | 6000000 | 7058824 | 8000000 | 9600000 10909091
26 3466667 | 4875000 | 6117647 | 7222222 | 8210526 | 9904762 11304348
28 3500000 | 4941176 | 6222222 | 7368421 | 8400000 | 10181818 | 11666667
30 3529412 | 5000000 | 6315789 | 7500000 | 8571429 | 10434783 | 12000000
32 3555556 | 5052632 | 6400000 | 7619048 | 8727273 | 10666667 | 12307692
34 3578947 | 5100000 | 6476190 | 7727273 | 8869565 | 10880000 | 12592593
36 3600000 | 5142857 | 6545455 | 7826087 | 9000000 | 11076923 | 12857143
38 3619048 | 5181818 | 6608696 | 7916667 | 9120000 | 11259259 | 13103448
40 3636364 | 5217391 | 6666667 | 8000000 | 9230769 | 11428571 | 13333333
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Figure 4.4. Volume of grooves fora 1000 x 1000 mm area for different rib and groove
widths.

These look-up tables and their corresponding graphs can be used to help visualise the
relationships between different combinations of rib width, groove width and groove depth.
They illustrate that itis possible to create a wide range of possible groove combinations and

corresponding ability to drain water from a surface.

4.3 Determination of rib / groove calculator
An Excel spreadsheet was developed to calculate a range of parameters depending on these

inputs. A screenshot of the Excel Rib / groove calculator is shown in Figure 4.5.

The inputs are rib width, groove width and groove depth. Inputs are also required for
calculation length e.g. a length of grooved runway and for calculation width e.g. a specified

width of grooved runway.

The Rib / groove calculator uses these inputs to calculate a range of parameters including
rib spacing, groove spacing, single groove volume per calculation length, single rib area per
calculation width, number of ribs per calculation length, number of grooves per calculation

length, groove volume for calculation area and rib area for calculation area.
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Rib / groove calculator

Inputs: Units
Rib width mm
Groove width mm
Groove depth mm
Calculation length mm
Calculation width mm
Outputs:
Rib spacing mm
Groove spacing mm
Single groove volume per calculation length mma3
Single rib area per calculation width mmAa2
Number of ribs per calculation length
Number of grooves per calculation length
Groove volume for calculation area mmA3
Rib area for calculation area mmA2
Rib width to groove width ratio
Rib spacing to groove width ratio

Figure 4.5. Screen shot of Excel Rib / groove calculator.

The example screenshot shown in Figure 4.5 illustrates the standard ICAO grooving of
38mm centre-centre spacing x 6mm x 6mm groove. The calculation area is for a section of
runway 1m x 1m. The example shows that per linear square metre there are 26.3 grooves,

947368mm3 of groove volume is available for dispersing water and there is 842105mm2

of rib area available for interface contact.

4.4 TestSurfaces

The first part of this chapter used a theoretical approach to understand the inter-

relationships between rib with, groove width and groove depth and how they impact the

ability of a grooved surface to accommodate water.
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In industry there is only a small number of rib / groove dimensions used at airports around
the world. The two most common are those specified by the FAA and the CAA. Three types

of test surface were used in the research. They were:

e (Glass plate to represent a smooth surface.
e Aluminium plate 380mm x 185mm with machine cut rib / groove dimensions.

o Compacted slabs of Marshall Asphalt 305 x 305 x 50mm in size with cutrib / groove

dimensions.

Figure 4.6. A selection of the grooved aluminium plates.

Figure 4.6 shows a selection of the grooved aluminium plates used in the thesis. Pre-mixed
Marshall Asphalt (MA) was supplied by Lagan Bitumen Ltd. The MA was reheated to 200° C
for 3 hours. The asphalt material was compacted in accordance with EN 12697-33 (2003)
using a Cooper roller compactor to form slabs 305 x 305 x 50 mm in size. Grooves were cut

into the surface of each MA test specimen using an MK-101 brick saw.

The full mix design properties are not reported herein as it is commercially sensitive
information. The Marshall Asphalt (MA) used was a 14mm Marshall Asphalt Surface Course

with 6.2% 70/100 bitumen content. The mix was prepared as per Specification 13 Marshall
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Asphalt for Airfields Mix Design (MOD, 2009). The MA mix consisted of 14mm, 10mm, 6mm
aggregate, aggregate fines, sand, limestone filler, hydrated lime, and 70 / 100 pen bitumen.
The aggregate used was a Northern Ireland Silurian greywacke resembles poorly sorted
angular grains of sand / quartz and feldspars. The aggregate blend percentages and grading

fell within specification limits and are shown in Table 4.3.

Table 4.3 Aggregate Particle Size Distribution and Grading Table

Sieve Lagan Mc o
Size Loughrans | Loughrans | Loughrans | Loughrans | Cement | Graths Limits Combined
6.3 /14 4/10 2/6.3 CRF Sand Filler Grading
AGGREGATE PROPORTIONS (%)
16.50% 0.00% 28.90% 39.80% 11.00% | 3.80% 100.00%
20 100 100 100 100 100 100 100 | 100 100
14 90 99 100 100 100 100 86 100 98
10 12 77 99 100 100 100 78 90 85
6.3 0.3 3 63 100 100 100 66 79 73
2 0.3 0.3 0.7 87 99 100 43 57 50
1 0.3 0.3 0.3 62 99 100 31 46 40
0.5 0.3 0.3 0.3 37 97 100 21 36 29
0.125 0.3 0.3 0.3 10 41 100 7 15 12
0.063 0.3 0.3 0.3 3 34 90 3 7 5.1

The Softening Point of the 70 / 100 pen bitumen was 46.6 2C. This was within specification
limits of 43-51°C as per EN 1427. The Penetration of the bitumen was 86mm which was

within specification limits of 70-100mm as per EN 1426.

Examples of grooved MA test surfaces are shown in Figure 4.7. The test surface is painted

pink and white as other testing was explored on the test surfaces.
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Figure 4.7. A selection of the grooved MA test surfaces

A summary of the test surfaces and their dimensions is shown in Table 4.4. This shows the
different combinations of rib width, groove width and groove depth. For example, AP2 and
AP4 were test surfaces representing the FAA and CAA standard dimensions. Also shown is

the rib spacing and groove spacing.

The Rib / groove calculator was used to calculate the parameters shown in Table 4.5 for

each test surface.
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Table 4.4

Summary of test surfaces.

Test Material Grooved | Rib Groove | Groove | Rib Groove
surface / Non- | width width depth spacing | spacing
reference grooved | (mm) (mm) (mm) C-C C-C
(mm) (mm)
GP Glass plate | Non- 0 0 0 0 0
grooved
AP1 Aluminium | Grooved | 32 3 6 35 35
AP2 plate Grooved | 32 6 6 38 38
(FAA)
AP3 Grooved | 32 12 6 44 44
AP4 Grooved | 19 6 6 25 25
(CAA)
AP5 Grooved | 10 3 6 13 13
AP6 Grooved | 10 6 6 16 16
AP7 Grooved | 10 12 6 22 22
MAA Marshall Grooved | 12 10 8 22 22
MAB Asphalt Grooved | 10 10 8 20 20
MAC Grooved | 15 10 8 25 25
MAD Grooved | 29 6 8 35 35
MAE Grooved | 15 5 4 20 20
MAF Grooved | 22 3 4 25 25
MAH Grooved | 25 3 4 28 28
MAK Non- 0 0 0 0 0
grooved
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Table 4.5.

Calculated parameters for each test surface.

Test surface | Number of grooves | Groove volume per | Rib area per

reference per metre (m) millimetre cubed | millimetre squared
(mm3) (mm?2)

GP 0.0 0 1000000

AP1 28.6 514286 914286

AP2 (FAA) 26.3 947368 842105

AP3 22.7 1636364 727273

AP4 (CAA) 40.0 1440000 760000

AP5 76.9 1384615 769231

AP6 62.5 2250000 625000

AP7 45.5 3272727 454545

MAA 45.5 3636364 545455

MAB 50.0 4000000 500000

MAC 40.0 3200000 600000

MAD 28.6 1371429 828571

MAE 50.0 1000000 750000

MAF 40.0 480000 880000

MAH 35.7 428571 892857

MAK 0.0 0 1000000

Figures 4.8 to 4.10 allow comparison ofthe test surfaces. The CAA and FAA testsurfaces are

highlighted in red and green respectively. Figure 4.8 shows the number of grooves per

metre (i.e. 1000mm). This ranges from 22 to 77 grooves. The Glass Plate (GP) and un-

grooved Marshall Asphalt control (MAK) have no grooves. The FAA and CAA test surfaces

have 26 and 40 grooves respectively.
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Figure 4.9 shows the groove volume per square metre as a means of comparison. The
volume ranges from 514286 mm3 for test surface MAH to 4000000 mm3 for test surface

MAB. The CAA groove pattern has a greater volume compared to the FAA groove pattern.

MAK
MAH

MAF

MAE

MAD

MAC

MAB

MAA

AP7

AP6

AP5

AP4 (CAA)
AP3

AP2 (FAA)
AP1

GP

o

200000 400000 600000 800000 1000000
Area (mm?)

Figure 4.10.  Area of ribs per square meter.

Figure 4.10 compares the rib area per square meter. This ranges from 45454 mm 2 for test
surface AP7 to 892857 mm 2 for test surface AP1. The CAA groove pattern has a less rib area
compared to the FAA groove. The control surfaces i.e. GP and MAK have zero volumes of

grooves and 1000000 mm? area of rib.

These Figures illustrate that the FAA and CAA test surface rib / groove dimensions are
conservative. Itis theoretically possibleto increase the volume of grooving using alternative
combinations and so increase the ability of a grooved runway to displace water under a

moving tyre.
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It has been demonstrated it is possible to achieve differing combinations of grooves by
alternating the grooving characteristics. The ratio of rib width to groove spacing is

expressed as a ratio to as shown in table 4.6

Table 4.6 Test surfaces used expressed as a ratio of rib width / groove spacing.
Test surface | Material Grooved / Non- | Rib width | Groove Rib
reference grooved (mm) width (mm) | width /

Groove

spacing

Ratio
GP Glass plate | Non-grooved 0 0
AP1 Aluminium | Grooved 32 3 0.91
AP2 (FAA) plate Grooved 32 6 0.84
AP3 Grooved 32 12 0.73
AP4 (CAA) Grooved 19 6 0.76
AP5 Grooved 10 3 0.77
AP6 Grooved 10 6 0.63
AP7 Grooved 10 12 0.45
MAA Marshall Grooved 12 10 0.55
MAB Asphalt Grooved 10 10 0.50
MAC Grooved 15 10 0.60
MAD Grooved 29 6 0.83
MAE Grooved 15 5 0.75
MAF Grooved 22 3 0.88
MAH Grooved 25 3 0.89
MAK Non-grooved 0 0

Each rib width / groove spacing ratio was determined by dividing the rib width by the total
width of the rib and the groove. For example for MAA 12/(12+10)= 0.55.
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CHAPTER 5.

INVESTIGATION OF THE ASTM
FRICTION TYRE / IDEALISED SURFACE
INTERFACE USING PRESSURE
MAPPING
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5.1 Introduction

This chapter investigates the ASTM friction tyre interface with two types of idealised test
surface using the Ulster Tyre Road Surface Interface method (UTRSI). The first test surface
was a glass plate which was used to represent a smooth texture-less surface. The second
surface was aluminium plate with machined grooves of known rib and groove dimensions.
The use of these idealised test surfaces reduced the number of variables present at the

ASTM tyre / grooved surface interface.

5.2 Investigation equipment / methods

Investigation of the ASTM tyre / smooth glass established a baseline in terms of interfacial
contact pressure for just the ASTM friction tyre. There was no influence of grooving or
surface texture. The tyre circumference was divided into four positions to allow
determination of the static z-axis contact patch interfaces measured using the XSENSOR

pressure pad shown in Figure 5.0

Figure 5.0. Static tyre interface contact patches for tyre positions 1, 2, 3 and 4.



Colour thresholding is used to show pressure variation within each contact patch. They
show the contact patch for the four positions around the ASTM tyre to be similar. The
contact patch is elliptical, with the X-X axis representing the width of the tyre. The contact
pressure is centralised, with the periphery of the contact patch having lower contact

pressures.

Table 5.0 details the tyre contact area, maximum pressure and average pressure ateach tyre
contact position. This shows contact area and pressure are not consistent at each tyre
position. These minor variations in distribution are typical of most tyres and may be due to
tyre manufacture. The average contact area using standard loading of 0.19kN was 1104.8
mmZ. The average maximum pressure was 34.7PSI. The average pressure was 23.4PSI. The
range in contact area was 71mmz2. The range in maximum pressure was 1.6PSI. The

standard deviation is small at 29.5mm?2 suggesting the contact path at each position to be

similar.

Table 5.0. XSENSOR static contact pressure data for tyre positions 1 to 4
Tyre Position Contact Area (mm?2) Maximum Pressure | Average Pressure

(PSI) (PSI)

1 1071.0 354 23.8
2 1096.8 34.5 22.6
3 1109.7 36.3 23.6
4 1141.9 32.6 23.6
Average 1104.8 34.7 23.4
Range 71 3.7 1.1
Std deviation 29.5 1.6 0.5
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Figure 5.1. Merged dynamic XSENSOR contact patch.

Figure 5.1 shows the merged contact patch for 250 individual frames when the glass surface
was pushed slowly under the tyre. Similar to the static contact patch, the vertical pressure
distribution is centralised and reduces suddenly towards the edges of the contact patch.
Four frames were selected to determine if there was a difference between the static and

dynamic test conditions. The four frames are shown in Figure 5.2.

Visual comparison ofthe frames shown in Figure 5.0 for the static testand Figure 5.2 for the
dynamic test show no significant differences in pressure distribution. Table 5.1 shows the
XSENSOR data for the 4 frames extracted from the dynamic test. The average contact area
was 970.9mm?, the maximum contact pressure was 33.5PSI, and the average contact

pressure was 23.4PSI.

Comparison of the two datasets in Table 5.0 and 5.1 found the average contact area to have
decreased by 12% for the dynamic test. The average maximum pressure values reduce by 3
%. The average pressure values are the same, with both static and dynamic tests giving an

average of 23.4PSI. Similar to the static contact patch the standard deviation of the contact
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area for the dynamic was determined as 28.12mm? This is small suggesting the contact area

between the four frames to be similar.

OO

Frame 72
Frame 117
Frame 162 Frame 200
Figure 5.2. Example XSENSOR contact patch frames.
Table 5.1. XSENSOR dynamic contact patch extracted frame data.
Frame No. Contact Area Maximum Pressure Average Pressure
(mm?2) (PSI) (PSI)
72 961.29 32.1 23.2
117 993.55 35.4 24.2
162 993.55 33.4 23.2
200 935.48 33.0 23.1
Average 970.97 335 23.4
Range 58.06 3.27 1.10
Std deviation 28.12 1.39 0.51
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5.3 Investigation of aluminium plate idealised grooved test surface.

The investigation of the contact patch for an ASTM friction tyre and idealised grooves
machine cut into aluminium plates allowed understanding of the influence of rib width and
groove width. The rib width and groove width dimensions for the aluminium plate surfaces

are shown in Table 4.5.

(@) (b)

Figure 5.3. Comparison of merged XSENSOR pressure pad for 32mm rib width groove

pattern (a) and metal plate showing machine cut grooves (b).

Figure 5.3 compares a photograph of an aluminium plate with machined grooves and its

corresponding merged contact patch measured by the XSENSOR pressure pad.

A minimum pressure threshold of 5PSI has been utilised in the XSENSOR software. Colour

thresholding shows variation in pressure as the grooved surface moves under the ASTM
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tyre. This illustrates how the grooved pattern cut into the aluminium plate influences the

ASTM contact patch.

5.4 Preparation of pressure pad data for analysis
A total of 111 XSENSOR pressure pad tests were carried out. The merged data files were
exported as .csv files into Excel for analysis. An example of a merged data file is shown in

Figure 5.4. This shows data for each XSENSOR pressure pad cell.

2238 34.67 3283 853814187 3387 8927 33
221 3363 3326 3236 2748 2494 2494 2547 3126 2294
1652 2053 2824 3194 3436 2153 2118 2253 1941 227 24.2 17.4
1741 1674 157 2368 1881 2229 1963 1548 247 2535 1859 18.22
167 2159 2247 276 2435 2418 1844 2194 246 2523 1881 2373
© 1644 1644 287 2529 2476 2164 1222 1259 23 2112 1338 2426 1222
2 14.7 12.96 24.38 26.61 28.6 27.6 226/ 288 2482 21.41 286 2319 15.7
1814 2298 2853 2523 2141 2828 2319 2154 1662 1456 1823
3125 2394 1279 1882 2223 267 21040000218 237 1845002 1956 216 1154
1541  19.78 21.58- 2747 2894 2759 2312 2541  27.23 2318 2816 2171 1281
12 2766 2257 3421 327 2591 2734 1772 2621 2562  17.28
1566 1897 2423 3373 2894 32.1 27.75 2621 3525 3217 26.9
268 3322 3335 354 3323 3468 314 369 3217 2438
2941 3545 3914 358 363 3577 352 3537 327 24.7
25.94 26.41 29.29 23.76 31.32 315 ﬂ_ 2213 253 29.11 2219 19.93
176 2353 3116 24.26 259 221 2183 2568 2591 228 1664
2335 26.53 26 26.59 27 2521 2521 18.98 21.79 21130000 173
14.48 176 2512 2223 1823 162 1613 1197 2363 234 2494 1241
w 1963 1845 284 237 2692 2621 1985 1664 239 2337 2331 1956 225
2 18.46 2852 2964 227 2177 1533 1284 184 15.14
16.35 23.7 23 2841 2544 2434 2016 2422  22.26
1817 1686 255 271 248 1891 1674 2556 2184 1456
2248 1963 2982  27.34 221 2349 2266 1282 1993
1744 2123 2888 2017 2952 2273 28.4 222 2714 2512 2429 247 1985
146 2488 3166 3475 3147 3472 3282 23.79 2692 2131 17.98
2441 3466 3147 3938 434 3782 3375 3313 3626 3817 3464 3558
2135 3463 3831 37.45 37.45* 37.96 2491
1355 27.1 295 3672 3194 3634 2125 2679 3257 2536 282
17.61 2118 2556 3421 2351 2523 211 2619 1914 2341 2485 13.2
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[iss 1913 247 2244 3165 21.96- 1525  15.46 21.55- 17.41
183 1394 1722 2444 2821 1775 1587 2323 1659 1539
1551 2379 2648 2661 3181 2369 2365 267 1884  26.11 212 2145 14.2
2633 28.11“ 316 28.63 2646 2652 258 1855
2329 3431 353 36.77 3789  36.25 3432
()] 295 3297 31.31F 3225
19.41 3291 3316 3441 3247 2881 323 2281 2175
1459 2319 2763 2444 2527 2952 284 2512 1375 2583 2214 212 1926
2576 29.76 271 2716 2934 2738 1978  26.79 189 235 1933
23.79 245 2396 2698 2497 2361 2422 2161 1942 1793 1595
~ 1496 2429 232 167 2166 1741 1111 2148000026 1726  17.93
2 1559 2177 2319 2461 2775 25.56 237 1844 1866 2148 2179 1837
= 21.88 217 28.93 23.43 2213271 17.24 117 1164
1173 1511 213 242 2615 274 2911 1119 2422 27.38 1813 1418
178 1811 2053 2529  27.47 2846 1373
1489 2382 3163 2858
1621 2253 32 33.26
[ 1 2076 3366 3266
24.68 181 2523
2335 2488 211
2497 1846 2635 2882 2248 2426 2839 1252
16.77 17 2429 X 2236 1229 2361 1641 1725 161
15.77 1361 2435 . 26.35 2171 181 1863 15.95
- 175 1543 186 ~ 27.75 1885 1565 2556 1198 1519  21.13
2 1349 11 1535  17.67 2194 2329 1323 1815 1323 2278
1148 1418 2386 1829 1418 2576 2236 14 2458
1364 1759 1744 1729 2447 2412 1139 22,6 1238
12.19 119 2292 1891 1617 2218 2379 1496 2273  17.29
14.61 2641 2541 2576 27 213 216 213 1287 2565 1589
s 2245 2854 28.65 2713 21.7 21.23 2248 2313 23.84 14.11

Figure 5.4. Merged XSENSOR rib / groove pressure pad data imported into Excel and

conditionally formatted.
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The example data shows six ribs and their groove widths. Conditional formatting has been
used to illustrate the variation in the pressure data. Each cell is 2.54 mm x 2.54 mm allowing

spatial measurements such as contact area and length to be determined.

Figure 5.5 shows a schematic of the leading and trailing edges of the ASTM tyre interaction

with the grooved specimen.

—— Tyre
? o .
Trailing Edge el 2 A R E: - Leading Edge
ey a’ . 3 % Idealised Grooved
¥ s -4 Surface
Figure 5.5. Leading and trailing edge tyre / groove interface.
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5.5 Investigation of rib width

The rib width investigation considered the leading, central and trailing edge pressure
distributions for the 32mm, 19mm and 10mm rib width test specimens. The groove width
was 6 mm wide x 6 mm depth. Tables 5.2, 5.3 and 5.4 show pressure data for the three rib

widths. This relates to test surfaces AP2, AP4 and AP6.

Table 5.2 shows pressure data for the six 32Zmm wide ribs measured for test surface AP6.
Each 32 mm wide rib has 13 rows of pressure pad cell data. Each row of data has been
averaged to illustrate the variation in pressure from the leading to the trailing edge of each
rib as it moved under the ASTM tyre. The average pressure represents the average of the
average. For example the data for rib 1 represents the average pressure across the width of
rib 1. The average of average was adopted in this case as it was considered the relationship
shouldn’t be affected as the data is quantitative. The raw data and data preparation for Table

5.2 - 5.4 is presented in Appendix A.

Table 5.2. Pressure data for six 32 mm rib widths.

Pressure Data

Average pressure for six

Rib 1

Rib 2

Rib 3

Rib 4

Rib 5

Rib 6

29.64

32.55

34.56

38.71

35.10

34.33

21.70

25.10

25.58

27.69

27.60

28.01

19.80

2117

2212

23.99

23.50

25.73

16.55

21.60

1791

23.38

20.88

23.80

15.73

20.37

18.62

22.32

19.94

20.87

17.06

17.87

19.89

21.21

21.31

19.09

14.98

20.72

18.62

23.61

19.60

21.33

17.69

17.53

21.83

19.44

21.54

18.69

17.73

20.54

2211

21.88

18.22

20.54

19.64

22.40

23.44

22.03

21.68

19.04

32 mm wide ribs

21.4

23.98

22.13

25.96

23.26

22.64

23.46

26.93

28.33

27.03

27.14

25.35

27.51

26.50

32.40

37.18

36.94

36.39

36.01
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Table 5.3. Pressure data for six 19 mm rib widths.

Pressure Data Average pressure for six
Rib1 | Rib2 | Rib3 | Rib4 | Rib5 | Rib6 19 mm wide ribs
2491 | 27.21 | 27.85 | 32.02 | 33.57
26.16 | 26.02 | 27.81 | 26.22 | 29.72
20.07 | 22.68 | 23.47 | 23.36 | 24.24
20.55 | 21.24 | 20.84 | 22.38 | 23.55
18.88 | 21.57 | 20.39 | 21.34 | 25.40
22.07 | 21.93 | 22.21 | 23.56 | 26.32
24.34 | 24.25 | 23.42 | 27.98 | 28.60
33.64 | 33.03 | 33.53 | 36.54 | 37.09

Table 5.4. Pressure data for six 10 mm rib widths.
Pressure Data Average pressure for six
Rib1 | Rib2 | Rib3 | Rib4 | Rib5 | Rib6 10 mm wide ribs

38.28 | 22.14 | 37.35 | 33.54 | 17.97
33.81 | 33.97 | 31.39 | 31.67 | 33.50
29.10 | 30.85 | 29.65 | 28.96 | 31.95
32.73 | 29.34 | 3449 | 32.15 | 31.69
25.22 13192 | 11.91 | 25.32 | 34.80

The average pressure for the 32 mm wide ribs shows greatest pressure at the leading and
trailing edge as the test surface is moved slowly under the ASTM tyre. Pressure is lowest in
the centre of each rib. Table 5.3 shows the same to occur for the 19 mm rib width for test
surface AP4. Table 5.4 shows that the leading edge is lowest for the 10mm rib width and the

pressure increases as the tyre moves to the trailing edge.
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Figure 5.6. Comparison of 32mm (AP2), 19mm (AP4) and 10mm rib widths (AP6).

Figure 5.6 compares the three rib widths by plotting pressure with distance between the
leading and trailing edges. The 32 mm rib width shows pressure to be similar at each edge
and to reduce significantly towards the centre of the rib. The same trend was found for the
19 mm rib width. As rib width is reduced to 10 mm, there is a change in the trend with
higher values in the centre of the rib. The data shows rib width influences the pressure

distribution within the ASTM contact patch.

5.6 Investigation of groove width

This investigated groove widths 0f12, 6 and 3mm for rib widths of 32mm and 10mm. Figure
5.7 compares the 3 groove widths for the 32mm rib width. This shows there to be a pattern
in the data with the widest groove having the greatest effect. The 12 and 6mm groove widths

had similar leading and trailing edge values.

There was significant reduction towards the centre for the 12mm grove width (AP3), with
less reduction for the 6mm width (AP2). The 3mm groove width (AP1) interface pressure

remained relatively consistent with only a small increase towards both edges.
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Figure 5.7. Comparison of 12mm (AP3), 6mm (AP2) and 3mm (AP1) groove widths for
the 32mm rib widths.

Whilst the 12mm groove width (AP12) has the greatest interface pressure at both groove
edges, it had the lowest pressure in the central area of the rib. This suggests that the 12Zmm
groove width for the 32mm rib width causes greater enveloping of the tyre into the groove
resulting in higher interface pressure atthe edges. Reducing groove width reduces interface

pressures at both the leading and trailing edges.
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Figure 5.8. Comparison of 12mm (AP7) , 6mm (AP6) and 3mm (AP5) groove widths
for the 10mm rib width.

Figure 5.8 compares the 3 groove widths for the 10mm rib width i.e., AP7, AP6 and AP5. The
plots for the 10mm rib width are significantly different to the 32mm rib width. There is no
obvious increase in pressure at the leading or trailing edges for the 10mm rib width.

However, interface pressure increases as the groove width increases.

5.7 Comparison of pressure pad data

The cumulative frequency of the interface pressure was used as a method to compare
pressure pad data. The interface pressure for each of the four static ASTM tyre positions
(see Figure 5.0) resting on the glass plate is plotted in Figure 5.9. The data shows the
measured pressure to range from 10 and 40PSI. There was slight variation in the pressure

distribution for each position of the ASTM tyre.

100%
90%
80%
70%

60%
—8— Tyre Position 1
50%
—8— Tyre Position 2
40% -
Tyre Position 3

30%

Cuulative Frequency

—&— Tyre Position 4
20%

10%

0%
0 10 20 30 40 50 60 70

Interface Pressure (PSI)

Figure 5.9. Frequency distribution for 4 static ASTM tyre positions on a glass plate.
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Figure 5.10. Frequency distribution for 4 dynamic tyre positions on a glass plate.

Figure 5.10 compares the cumulative frequency interface pressure for the 4 frames (see
Figure 5.2) selected from the merged pressure pad file for the glass plate. This also shows
the pressure to range from 10 and 40PSI with slight variation for each extracted frame. The

plots in Figure 5.9 and 5.10 are similar.
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35
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o 50%
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Interface Pressure (PSI)

Figure 5.11. Comparison of cumulative frequencies for glass plate, 32mm (AP2), 19mm

(AP4) and 10 mm data (AP6).
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Figure 5.11 compares the cumulative frequencies for the 32 mm, 19mm and 10mm rib
width (see Figure 5.6) with tyre position 1 for a glass plate. This illustrates how rib width
influences the frequency distribution of the pressure pad data for test surfaces AP2, AP4

and AP6.

Figure 5.11 shows a significant difference in the 4 plots. The curve for the 32mm rib width
(AP2) plots to the left ofthe glass plate curve. The curve for the 10mm rib width (AP6) plots
to the right of the glass plate curve. The curve for the 19mm rib width (AP4) plots to the left

of the glass plate curve up to 25PSI where it then shifts to the right.

This illustrates how rib width may influence the ASTM friction measuring tyre / grooved

surface interface.
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Cumulative Frequency Pressure
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Interface Pressure (PSI)

Figure 5.12. Comparison of cumulative frequencies for glass plate, 3mm (AP1), 6 mm

(AP2) and 12 mm (AP3) groove width data for 32 mm rib width.

Figure 5.12 compares the cumulative frequency for the 32 mm rib width idealised surface
with the groove widths of 3, 6 and 12 mm. The plots show the curves for the glass plate and

the 3mm groove width (AP1) to be similar.

With increasing groove width the curves plot progressively to the left. The 6 mm curve then

plots similar to the glass plate and 3 mm data at the highest values; 100% cumulative
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frequency. The 12mm data moves to the right due to the higher pressures along its leading

and trailing edges.

Figure 5.13 compares the cumulative frequency curves for the 12mm, 6mm and 3mm
groove widths with the glass plate. The rib width remains constant at 10mm. The pressure
frequency curves show that the glass plate and 3mm groove width (AP5) to be similar. The
12mm (AP7) and 6 mm groove width (AP6) curves plot to the right of the glass plate curve.
This reflects the reduced rib area for the 10 mm rib compared to the much greater rib area

for the 32 mm rib.
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Figure 5.13. Comparison of cumulative frequencies for glass plate, 3mm (AP5), 6 mm

(AP6) and 12 mm (AP7) groove width data for 10 mm rib.

The 3mm groove width (AP5) is similar to the glass plate as the tyre cannot envelop the
groove giving similar pressure values to the glass plate. As groove width increases there is

more enveloping giving the higher interface pressures at the edges of the rib.
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5.8 Summary

The UTRSI method was able to measure the ASTM tyre / surface interface for each
of the test surfaces.

Rib width was found to influence the ASTM tyre / surface interface. The highest
interface pressure was found for the 10mm rib width, followed by 19mm, with
32mm having the lowest.

Groove width was found to influence the ASTM tyre / surface interface. The wider
the groove the greater the pressure at both leading the trailing edges.

The use of cumulative frequency distribution curves allowed comparison of the

different rib / groove combinations.

96



CHAPTER 6.

EVOLUTION OF THE ASTM FRICTION
TYRE / GROOVED MARSHALL
ASPHALT INTERFACE DUE TO

SIMULATED WEAR USING PRESSURE

MAPPING
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6.1 Introduction

This chapter investigates evolution of the ASTM friction tyre / grooved Marshall Asphalt
(MA) interface for test surfaces subjected to simulated wear using the Ulster University
Road Test Machine (RTM). This interface investigation uses the merged XSENSOR data
measured each time RTM testing was stopped. Digital Surf MountainsMap software was

used to visualise the measured interface between the friction tyre and the test surfaces.

Four test surfaces were chosen to investigate evolution of the ASTM friction tyre / test

surface interface. The four test specimens were:

o Test Surface MAA - this represents an extreme rib width to groove width ratio, i.e.,
12mm rib width : 10mm groove width. This surface suffered excessive wear during
simulated trafficking. Pendulum testing had to be stopped after 6000 wheel passes

due to degradation of the ribs of the test surface.

o TestSurface MAD - this represents the dimensions recommended by ICAO and FAA,

i.e. 32mm rib width : 6mm groove width.

e Test Surface MAF - this represents the smallest groove width considered in this

thesis i.e., 22mm rib width : 3mm groove width.

e Test Surface MAK - this surface was not grooved and acted as a MA control.

6.2 Investigation equipment / methods

XSENSOR X3 Pro software can remove pressure values below a given threshold. The
calibrated range ofthe flexible pressure pad is 10 to 250PSI. The default minimum threshold
is 5PSI. Analysis was carried out to determine whether the 10PSI default threshold was

suitable for the trafficked MA test surfaces.
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Figure 6.0. Cumulative Frequency Percentage for Test Surface MAK at 200 wheel
passes with thresholds of OPSI, 5PSI and 10PSI.

Figure 6.0 shows the cumulative frequency percentage of interface pressure for test
specimen MAK at 200 wheel passes with thresholds of 0, 5, and 10PSI. The three data sets
plot the same for pressures above 10PSI. The plots show there is no measured pressure for
thresholds of 0 and 5PSI. However, 17% of the data occurs between an interface pressure
of 5 and 10PSI. Subsequent analysis of merged pressure pad data used a threshold value of

5PSL
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6.3 TestSurface MAK non-grooved Marshall Asphalt control

Test surface MAK was not grooved and acted as a control. Figure 6.1 compares the merged
XSENSOR pressure pad data with a photograph of the MAK test surface after 200 wheel
passes. This shows the surface of MAK to consist predominately of a fine graded mastic with
a small number of exposed coarse aggregate particles. These exposed coarse aggregate

particles result in the areas of higher pressure in the XSENSOR data.

() (b)

Figure 6.1. Test specimen MAK after 200 wheel passes (a) merged XSENSOR pressure
pad data, (b) photograph.
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200 Simulated Wheel Passes
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§ 296 33.0 30.3 224 365 39.1 352

331

Figure 6.2.

wheel passes.

75,000 Simulated Wheel Passes

91 325 355 526 406 83
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114 243 31. 8 9.
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353 132339 99 94 89 37.4/730
334 432 94 114 100 95 99 138
175 375 94 460 568 19.1 323 493
16.8 371 97 97 271 338 165 96
352 17.6 279 328 29
399 218 95 94
294 311 414 183
98 99 165 104
104 165 305 404
9.9 336623 476
98 475 238 531
91 91 90 94 284 99 265 240 93 94

606
96 336 514 493
99 98 354 363
17.1 442 488 254
93 95 98 305 §
99 339 234 94 94 99
103 367 616 96 96 307

110 321
92 422
90 88

92 99 94 126 572465 94 88 89 84 99 96 83
223275 93 96 96262 93 90 88 1641664 504 30.1
98 172 96 99 5000738 275 86 91 189 220 493 454
93 520 133 168 321 306 251 99 171 320 272 36.3 161
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Comparison of XSENSOR data for test specimen MAK after 200 and 75,000

Figure 6.2 compares the XSENSOR pressure data for test surface MAK after 200 and 75,000

wheel passes, this shows the pressure distribution to have changed.
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Evolution of pressure due to simulated trafficking for test specimen MAK.

Figure 6.3 shows the evolution of ASTM friction tyre / surface interface pressure due to

simulated trafficking for the non-grooved test surface MAK. Interface pressure was found

to range between 5 and 135PSI. With increased trafficking there is an increase in both the

lower contact pressures and the higher contact pressures.

This represents the development of surface texture as the un-grooved asphalt is trafficked.

The film of bitumen is worn off and the surface texture of aggregate particles becomes

exposed. As trafficking continues, the matrix of fines between the aggregate particles begins

to wear away. The number of contact points decreases as the matrix is worn contributing to

a greater frequency of lower contact pressures. The high pressure values are associated

with individual aggregate particles.
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Figure 6.4. 4D Stacked Image for 200, 1500, 10,000, 30,000 and 75,000 wheel passes

for test surface MAK.

Digital Surf MountainsMap software was used to generate a 4D stacked view of the merged
pressure pad files. The 4D stacked view facilitated visual representation of the surface
change due to simulated trafficking. Figure 6.4 shows a 4D stacked view of pressure contact

for 200, 1500, 10,000, 30,000 and 75,000 wheel passes for test surface MAK.

The evolution of surface texture of the un-grooved asphalt surface can be seen. The number
of points of elevated pressure increase as the surface wears and the coarse aggregate

becomes exposed. The development of interface pressure for single aggregates can be seen.
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6.4 TestSpecimen MAD - FAA Standard Groove Dimension

Test specimen D represents the standard grooving dimensions recommended by FAA -
6mm x 6mm x 38mm centre-centre spacing. Figure 6.5 illustrates the pressure imaging data
for test surface MAD and a photograph of the surface. The merged pressure pad image
shows the greatest pressure pre trafficking occurs at the leading and trailing edges of the
rib. The lowest contact pressure occurs in the centre of the rib width. This is similar to the

idealised grooves cut in the aluminium plate.

(a) (b)

Figure 6.5. Test surface MAD before trafficking (a) merged XSENSOR pressure pad
data, (b) photograph.
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Figure 6.6.  Comparison of XSENSOR data for test surface MAD, prior to trafficking and

after 75,000 simulated wheel passes.
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Figure 6.7. Evolution of pressure due to simulated trafficking for test specimen MAD.

Figure 6.6 compares the prior to trafficking and after 75,000 wheel passes using conditional

formatting. This shows a significant change in the distribution of pressure within each rib.
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Prior to trafficking it is greatest at the leading and trailing edges of the rib. After 75,000
wheel passes the leading and trailing edges of the rib have been worn resulting in lower
pressures. The finer aggregate / mastic around the coarse aggregate particles in the rib have

become worn resulting in the higher pressures recorded in the central parts of each rib.

Figure 6.7 shows the evolution of interface pressure due to simulated trafficking for test
surface MAD. Interface pressure ranges between 5 and 130PSI. As simulated trafficking
increases, the pressure curves plot to the left and then upwards for values less than 50 PSIL
At 0 wheel passes, 37% of the pressure data is less than 30PSI. After 75,000 wheel passes

64% of the pressure data is less than 30PSI.

The peak pressures varied during simulated trafficking. For example, at 0 wheel passes it
was between 75-80PSI, at 10,000 it was between 90-95PSI, at 30,000 it was between 125-
130PSI and at the end of trafficking at 75,000 is had reduced to 85-90PSI. This is due to

exposure of aggregate particles due to wear and re-orientation of particles.

Table 6.0. Pressure data for 5 rib widths for test surface MAD prior to trafficking.

Pressure Data Average pressure for 5 ribs
Rib 1 Rib 2 Rib 3 Rib 4 Rib 5
19.15 | 35.67 | 61.13 | 42.45| 5536 _
52.13 | 39.09 | 33.58 | 3883 | 32.38
37.72 | 36.69 | 30.51 | 39.24| 34.75 | 35.78
2430 | 30.18 | 32.21 | 32.73| 28.77 | 29.64
26.25 | 3398 | 29.00 | 34.68| 33.69 | 31.52
24.82 | 32.63| 30.40 | 33.28| 34.61 | 31.15
32.91 33.12 30.48 33.43 35.34 | 33.06
32.64 | 30.52| 37.64| 28.99| 33.97 | 32.75
35.15 | 33.86| 36.04 | 34.81| 31.38 | 34.25
35.83 | 38.56| 41.68 | 36.96 | 32.45

33.89 | 44.16 | 47.67 | 42.77 | 41.67
3546 | 2881 | 19.28 | 17.02| 21.69
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Table 6.1. Pressure data for 5 rib widths for test surface MAD after 75,000 wheel

passes.

Pressure Data Average pressure for 5 ribs
Rib 1 Rib 2 Rib 3 Rib 4 Rib 5
38.76 | 1195| 23.33| 19.02| 16.80 | 21.97 (trailingedge)
33.01| 21.15| 3198 32.99| 30.82
27.82 | 2142 2794 | 28.03]| 35.79
1739 | 32.62| 22.93| 3850| 18.76 | 26.04
17.13| 36.23| 2252 | 30.04| 21.44| 25.47
21.53 | 3258 | 2790 | 28.70| 24.67 | 27.07
17.04 | 34.03| 27.78| 24.71| 31.35| 26.98
20.76 | 2386 | 32.64| 22.00| 25.23|24.90
36.75| 31.25| 34.29| 29.02| 28.37
33.06| 31.08| 29.74| 35.51| 16.59
1994 | 2194 | 1094 | 14.68| 21.47
11.05 8.39 8.43 8.41 8.92

Tables 6.0 and 6.1 compare the pressure distributions for test surface MAD before and after
simulated trafficking. Prior to trafficking the greatest pressure is at the edges. As the edges

wear the higher pressure values move towards the centre of the ribs due to increasing tyre

enveloping.
45
40
35
=30
&
o 25
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§ trafficking
10
—8— After 75,000
5 wheel passes
0
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Distance from trailing edge (mm)
Figure 6.8. Change in averaged pressure distribution due to simulated trafficking for

test surface MAD.
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Figure 6.9. 4D Stacked image for same rib of test surface MAD.

Figure 6.8 compares the averaged pressure data for the 5 ribs before and after 75.000 wheel
passes. This shows an overall reduction in average pressure and the higher pressures

moving from the edges towards the centre of the rib.

Figure 6.9 shows a 4D Stacked view of pressure for the same rib of test surface MAD at 0,
200, 1500, 10,000, 50,000 and 75,000 wheel passes. This shows how the pressure

distribution evolves as the rib is worn during simulated trafficking.
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6.5 TestSurface MAF

Test surface MAF has a rib width of 22 mm and a groove width of 3mm. Figure 6.10
compares the merged pressure pad with a photograph of the surface before trafficking. The
merged pressure pad image shows limited increase in pressure associated with the rib
edges. The 3mm groove width makes it difficult for tyre enveloping. The 3mm groove width
is just within the 2.54 mm spatial resolution of the pressure pad. The merged pressure

image shows the prominent pressure influence of a single aggregate shown as red,

(a) (b)

Figure 6.10. Test surface MAF before trafficking (a) merged XSENSOR pressure pad data

, (b) photograph.
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Figure 6.11. Comparison of XSENSOR data for test surface MAF, prior to trafficking and

after 75,000 simulated wheel passes.
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Figure 6.12.  Evolution of pressure due to simulated trafficking for test specimen MAF.

Figure 6.11 compares the conditional formatted pressure data before trafficking and after

75,000 wheel passes. Figure 6.12 plots the frequency distribution curves. The interface

pressure ranges from 5 to 85PSI. The curves are similar with the exception of 75,000 wheel

passes where the surface has experienced most trafficking.

110



Table 6.2.

Pressure data for 7 rib widths for test surface MAF prior to trafficking.

Pressure Data

Rib 1

Rib 2

Rib 3

Rib 4

Rib 5

Rib 6

Average pressure for 7 ribs

Rib 7

34.04

33.24

30.75

40.21

32.21

33.88

34.15

32.55

34.71

36.88

42.15

30.26

28.34

31.18

29.51

30.39

25.75

28.30

31.90

33.12

31.86

30.50

25.30

34.32

32.31

32.40

31.19

29.27

28.43

31.21

24.08

28.99

31.12

30.33

31.57

27.67

32.04

30.46

33.03

32.62

28.89

30.45 30.74

29.98

32.57

32.29

31.64

31.87

31.33

32.17

30.76

38.42

32.36

31.41

34.30

33.73 31.92
34.71

Table 6.3.

Pressure data for 7 rib widths for test surface MAF after 75,000 wheel

passes.

Pressure Data

Rib 1

Rib 2

Rib 3

Rib 4

Rib 5

Rib 6

Average pressure for 7 ribs

20.94

22.45

26.09

15.65

19.68

11.31

29.68

21.39

27.37

22.56

26.52

22.41

22.21

28.54

36.84

19.17

25.66

24.49

31.14

26.47

22.52

25.62

28.47

24.90

17.75

13.21

18.30

28.66

22.81

25.94

32.67

27.15

18.15

32.93

26.44

26.07

22.65

25.22

23.99

22.07

34.76

22.48

15.47

18.26

18.86

16.63

27.46

27.06

Tables 6.2 and 6.3 compare the pressure distributions for test surface MAF before and after

simulated trafficking. Prior to trafficking there is a fairly uniform distribution across the

ribs. The 3mm groove has limited affect. After 75,000 wheel passes, the edges of the 3mm

grooves have some wear causing a reduction in pressure at both edges.

Figure 6.13 compares the averaged pressure data for the 7 ribs before and after 75.000

wheel passes. This shows areduction in average pressure and the wear of the 3mm grooves.

Figure 6.14 shows a 4D Stacked view of pressure for the same rib of test surface MAD at 0,

200, 1500, 10,000, 50,000 and 75,000 wheel passes. This shows how the pressure

distribution evolves as the rib is worn during simulated trafficking.
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Figure 6.13. Change in averaged pressure distribution due to simulated trafficking for

test surface MAF.

65

55

1500wp

10,000wp

50,000wp

75,000wp

Figure 6.14. 4D Stacked image for same rib of test surface MAF.
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6.6 TestSurface MAA
Test surface MAA has a rib width of 12mm and a groove width of 10mm. Figure 6.15
compares the merged pressure pad with a photograph of the surface before trafficking. The

merged pressure pad image shows high values for each rib and its aggregate particles.

() (b)

Figure 6.15. Test surface MAA before trafficking (a) merged XSENSOR pressure pad
data, (b) photograph.
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Figure 6.16. Comparison of XSENSOR data for test surface MAA, prior to trafficking and

after 75,000 simulated wheel passes.

Figure 6.16 compares the pressure data for test surface MAA before and after 75,000 wheel

passes. The data before trafficking shows high contact pressures experienced by the 12mm

rib width and 10mm groove widths. After 75,000 wheel passes the narrow rib had suffered

considerable wear with very high pressures recorded for the few remaining individual

aggregate particles.
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Figure 6.17. Evolution of pressure due to simulated trafficking for test specimen MAA.
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This excessive and rapid wear experienced by the 12mm rib is illustrated in the comparison
of cumulative frequency curves plotted in Figure 6.17. Interface pressure ranges from 5 to

260PSI.

Table 6.4. Summarizes the average interfacial contact pressure along the width of the

asphalt groove for test specimen MAA prior trafficking.

Pressure Data

Average pressure for 6 ribs
Rib1l | Rib2 | Rib3 | Rib4 | Rib5 | Rib6
36.75 | 48.92 | 55.76 | 63.07 | 58.25 | 66.04 [ SA80 (trailing edge) |
52.18 | 56.79 | 55.20 | 51.91 | 56.05 | 50.02 53.69
42.86 | 51.39 | 41.94 | 62.87 | 47.19 | 52.03 49.71
44.41 | 64.91 ] 58.13 | 52.21 | 69.86 | 45.03 _
48.87 | 25.01 | 26.71 9.30 | 10.65 8.78

Table 6.5. Summarizes the average interfacial contact pressure along the width of the

asphalt groove for test specimen MAA subjected to 75,000 wheel passes.

Pressure Data
Rib1 | Rib2 | Rib3 | Rib4 | Rib5 | Rib 6
43.56 | 21.49 | 25.80 | 13.07 | 10.40 | 11.20 20.92 (trailing edge)
21.07 | 44.11 | 29.31 | 57.79 | 40.92 | 19.36
40.22 | 48.81 | 30.88 | 41.03 | 57.69 | 26.74
11.43 | 22.36 | 55.11 | 12.16 | 24.38 | 10.17 22.60
7.69 | 7.73]22.19| 825| 8.29| 8.13

Average pressure for 6 ribs

Tables 6.4 and 6.5 compare the pressure distributions for test surface MAA before and after
simulated trafficking. Prior to trafficking the averaged pressures are much higher than the
other test surfaces. The 10mm groove is having a significant effect. After 75,000 wheel

passes, the 12mm ribs have suffered excessive wear particularly at both edges.

Figure 6.18 compares the averaged pressure data for the 6 ribs before and after 75.000

wheel passes. This shows reduction in average pressure and wear of the ribs.

Figure 6.19 shows a 4D Stacked view of pressure for the same rib of test surface MAA at 0,
200, 1500, 10,000, 50,000 and 75,000 wheel passes. This shows how the pressure

distribution evolves as the rib is worn during simulated trafficking.
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Figure 6.18. Change in averaged pressure distribution due to simulated trafficking for
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Figure 6.19. 4D Stacked image for same rib of test surface MAA.
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6.7 Comparison of Groove Dimensions
Figures 6.20 to 6.23 compare evolution of cumulative frequency curves at 0, 200, 1500 and
75,000 wheel passes. Figure 6.20 compares the test surfaces prior to RTM testing. Test

surface MAK and MAF are almost identical. This is due to the 3mm gap width.
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Figure 6.20. Comparison of cumulative frequency curves prior to simulated trafficking.
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Figure 6.21. Comparison of cumulative frequency curves after 200 wheel passes.
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Comparison of cumulative frequency curves after 1500 wheel passes.
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Comparison of cumulative frequency curves after 75,000 wheel passes.

Figure 6.21 - 6.23 compares the cumulative frequency curves 200, 1500 and 75,000 wheel

passes. Test surfaces MAD, MAF and MAK are still comparable. However, MAA is starting to

suffer wear. This becomes more pronounced as simulated trafficking continues.
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6.8 Summary

The distribution of pressure across the asphalt groove prior simulated trafficking
shows greater pressure is concentrated either on or in the immediate periphery of
the leading and trailing edges of the groove. Interface Pressure dissipates towards
the centre of the groove.

At 75,000 wheel passes the pressure relationship identified is the same for test
specimen D. However, this changes for MAF and MAA. For test specimen MAF and
MAA the higher pressure severity moves towards the centre.

The data considered collectively does not support the hypothesis ideology that
either the leading or trailing edge generates higher interface pressures, either pre
or post trafficking.

Interface pressure values differ for each test specimen groove dimensions.

The general relationship of cumulative frequency ofinterface pressure Vs simulated
trafficking shows that cumulative frequency of lower interface pressures increases,
and the cumulative frequency of higher interface pressures also increase.

The cumulative frequency data shows that test specimen MAF and MAK are almost
identical, with interface pressures increasing with decreasing rib width / groove
Spacing ratio.

The pressure envelope amongst the cumulative frequency data decreases as the
data aligns closer with increased simulated trafficking. The pressure interface
relationship amongst the different groove dimensions remains consistent with
increased trafficking i.e., Test specimen A has the greatest frequency of lower
contact pressures than the remaining ribs and simultaneously has the greatest
quantity of higher frequency pressures than the remaining ribs.

The groove dimensions vs pressure statistics show that there is a rank order. The
rank of the highest interface pressure for the groove specimens is MAA > MAD >
MAF> MAK. The rib width / groove spacing ratio suggests that the smaller groove

width contributes to lower interface pressures and vice versa.
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CHAPTER 7.
EVOLUTION OF GROOVED MARSHALL
ASPHALT SKID RESISTANCE
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7.1 Introduction

This chapter investigates the evolution of skid resistance for the grooved Marshall Asphalt
test surfaces. Skid resistance was determined using the pendulum at 0° and 10° as specified
in BS EN 13036-4. Details of the Marshall Asphalt test surfaces are given in Table 4.5. The
Road Test Machine (RTM) was used to simulate traffic and wear the test surfaces. Pendulum
testing was carried out at 0, 10, 100, 200, 400, 800, 1500, 3000, 6000, 10,000, 20,000,
30,000, 50,000 and 75,000 wheel passes. Trafficking intervals were based on a visual

observation of the test surfaces during simulated trafficking.

7.2 PTV for grooved Marshall Asphalt test surfaces

The British Pendulum was used to determine the change in skid resistance due to simulated
trafficking. Slider 57 was used. The number 57 represents the hardness of the rubber used.
Slider 57 would normally be used as it is similar to car tyre rubber. The rubber pad
dimensions are 76.2 + 0.5 mm wide, 24.4 + 1.0 mm and 6.35 * 0.5 mm thick. The swing

length was 126 + 1mm. Testing was carried out at a laboratory temperature of 20 + 2°C.

BS EN 13036-4 states for surfaces bearing a regular pattern such as grooved asphalt testing
should be made with the slider operating at an angle of approximately 80° to the grooves;
essentially offsetting the normal operating angle by 10°. Four testing scenarios were

considered.

e Testing condition 1 - PTV 90° Angle - Dry Conditions
e Testing condition 2 - PTV 80° Angle - Dry Conditions
e Testing condition 3 - PTV 90° Angle - Wet Conditions
e Testing condition 4 - PTV 80° Angle - Wet Conditions

Figures 7.0, 7.2, 7.4 and 7.6 plot the development of PTV data for the 4 test conditions. The
PTV data is given in Appendix B. A significant amount of PTV change is possible during the
early periods of RTM testing. This can be difficult to see in a standard scatter plot. If the x-
axis is plotted on a log-scale then this early life change is much easier to visualise. Figures

7.1,7.3,7.5 and 7.7 plot the same data using wheel passes on a log scale.

Figures 7.10 and 7.12 plot the difference between PTV measured at 80 and 90 degrees. A
positive number means the 80 PTV value is greater. Figures 7.11 and 7.13 plot the same

data using a log scale to better show early life changes.
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Figure 7.0. Test condition 1 - PTV 90° angle, dry.
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Figure 7.1. Test condition 1 - PTV 90° angle, dry, log scale.
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Figure 7.2. Test condition 2 - PTV 80° angle, dry.
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Figure 7.3. Test condition 2 - PTV 80° angle, dry, log scale.
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The plots show that all groove dimensions (rib and groove width) considered contribute
positively to skid resistance. However, the level of improvement is based on the groove
dimensions. All plots show that test surface MAA and MAB generate the greatest PTV. The

data shows that testing stopped at 6,000 wheel passes due to the ribs being worn.

Similarly, all plots show that MAF and MAK contribute to the lowest pendulum values. These
test specimens represent the un-grooved control and the test specimen with a 3mm groove.
The plot shows test surface MAK and MAF to be almost identical and remain relatively
constant, this demonstrates the limited influence of the 3mm groove width on PTV. Whilst
test surface MAA and MAB were similar in dimensions the effect of grooving on the
pendulum interaction is evident in the difference of PTV values as they are both significantly

different.

A general comparison between the dry and wet conditions demonstrates there is greater
fluctuations within the data for each test specimen. This is demonstrated as the spikes
shown in the data plots. These may be attributed to wear of the groove as aggregates may

become re-orientated or removed due to simulated trafficking.
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Figure 7.8 Difference between un-grooved control and grooved test specimens for wet

conditions
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Figure 7.9. Difference between un-grooved control and grooved test specimens for dry

conditions

Figure 7.8 and 7.9 plot the difference between the initial pendulum testing prior to
simulated trafficking for the un-grooved control and the grooved test specimens for both
rotation angles for wet and dry conditions respectively. Figures 7.10 plot the difference
between 80 and 90 degree PTV, dry and 7.11 plot the same data using wheel passes on a log
scale. The wet conditions shown in Figure 7.12 and 7.13 demonstrate that all groove

dimensions apart from MAF contribute positive PTV.

The level of improvement would appear to depend on groove dimensions. The plots show
that for some test specimens testing at 90 degrees generates higher PTV than 80 degrees
whereas for other test specimens testing at 80 degrees generates higher PTV than 90

degrees.

The dry conditions show that generally there is lower PTV difference apart from test
specimens MAA and MAB. Generally, the plots show the dry conditions to be somewhat
complicated with MAF, MAD and MAC and increases with MAA and MAB. The plots show
conflicting PTV values for MAH with an increase and decrease in PTV dependent on the

rotation angle.

The difference between the dry conditions illustrate that generally 80 degrees generate
higher PTV where as for the wet conditions a greater number of data point show 80 degrees

to generate lower PTV.
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Table 7.0. Average difference between 80 and 90 degree PTV testing.

Test Test surface
condition | MAA MAB MAC MAD MAE MAF MAH MAK
Dry 9.02 18.18 5.42 2.11 2.73 0.62 4.87 1.45
Wet 28.49 12.86 8.59 0.52 -0.47 1.76 5.78 1.65
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Figure 7.14. Comparison of test surfaces

Table 7.0 and Figure 7.14 shows the average PTV difference between 80° and 90° degree
testing. Testing between 80° and 90° is considered in sub section 3.6. This was calculated
by determining the average of the total PTV for all wheel passes tested and calculating the
average difference between testing at 80° degrees and 90°. The average data for 90° degrees

is subtracted from 80°.

The table shows those test surfaces with a significant groove to rib ratio for example MAA
and MAB to have the greatest difference between 80° and 90° testing. The plots show that
for the control test surface that 80° and 90° testing had limited influence on PTV by a margin

of justl.5 PTV units.
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The data presented in Figure 7.14 shows two distinct regions within the data; MAA, MAB,
and MAC show significantly higher average PTV differences as opposed to MAD, MAE, MAF,
MAH and MAK, which show lower average PTV differences. The plot suggests that groove
to rib dimensions less than MAC had a limited increase in PTV. The data could imply there
is an optimum rib width / groove spacing ratio between this point. Figure 7.14

demonstrates that the measurement of PTV is sensitive to the grooving dimensions.
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Figure 7.15. Comparison of PTV data tested at 80 and 90 degrees
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Figure 7.16. Relationship of PTV data tested at 80 and 90 degrees
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Figures 7.15 and 7.16 show the relationship between the data tested at 80 and 90 degrees.
The data shows that PTV broadly aligns along the line of equivalence. However, the plot
demonstrates that the greatest concentration of data points to be on the side of 80
suggesting testing at 80 degrees generates higher PTV values. The plot demonstrates the
broad range of PTV values amongst the different groove dimensions. It has been
demonstrated that it is possible to achieve greater PTV depending on the groove

dimensions.

7.2.1 Groove Dimension Vs PTV

Comparison of Groove width against PTV and Rib width individually against PTV is not
appropriate as both contribute to PTV during pendulum testing. Therefore, a comparison of
the rib width / groove spacing ratio was considered to better understand of how the

dimensions contribute to PTV.
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Figure 7.17. Rib width / groove width spacing ratio against dry PTV prior to simulated

trafficking
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Figure 7.18.  Rib width / groove width spacing ratio against wet PTV prior to simulated

trafficking

Figure 7.17 and 7.18 plot rib width / groove width spacing ratio against dry and wet PTV
respectively prior to simulated trafficking. The data represents the initial pendulum values.
The plot shows that PTV decreases for both wet and dry conditions as the rib width / groove
spacing ratio increases. The smaller ratio represents an extreme groove to gap ratio. A
larger ratio represents a smaller rib width / groove spacing ratio. The plots show the
decrease for dry conditions is much less of a gradient than that for wet conditions. The plots

suggest a larger rib width / groove spacing ratio contributes the greater PTV values.

133



7.3 Summary

Skid resistance of GMA generally decreases when subjected to simulated trafficking.
Grooving contributes positively to skid resistance; however, the extent of
improvement is dependent on the groove dimensions.

A narrow groove demonstrates comparable skid resistance values to that of an
ungrooved control surface.

Skid resistance measurement at 80 degrees and 90 degrees generates different skid
resistance values. Generally, the data shows that 80 degrees generates higher skid
resistance values.

An increase rib width / groove spacing ratio results in a decrease in skid resistance

values.
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CHAPTER 8.

EVOLUTION OF GROOVED MARSHALL
ASPHALT AREAL PARAMETERS
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8.1 Introduction

This chapter investigates the evolution of areal surface texture parameters for three of the
eight Marshall Asphalt test surfaces. Areal surface texture parameters relates to a defined
area where the texture of the asphalt test specimens were recovered through 3D
photogrammetry and analysed through Digital Surf MountainsMap software. Photographs
of each test surface were taken at 0, 10, 100, 200, 400, 800, 1500, 3000, 6000, 10,000,
20,000, 30,000, 50,000 and 75,000 wheel passes. Zephyr software was used to create a 3D
model. This was imported into Digital Surf, MountainsMap software for analysis. A process

flow diagram of this is demonstrated in Appendix F.

Test specimens under consideration were imported as a studiable in .txt format. Operators
were applied to prepare the test specimen for analysis. The first Operators used in this
investigation involved Levelling of the model by the Least squares plane. The levelling
operator was applied by the subtraction method. Subtraction is recommended where only
small tilt angles exist. As the model has been previously orientated, this was the most
suitable. The next Operator was Extract area. This focused on the Area of Interest (AOI) i.e.
the area interfaced by the British Pendulum. The AOI for test specimen MAD after being

subjected to 200 wheel passes is shown in Figure 8.0.

1
tsx X =126 mm

Y =76.5 mm
Z =112 mm

Figure 8.0. 3D view of test specimen D subjected to 200 wheel passes.

136



The 3D model shows that the maximum depth of the groove is 11.2mm. The scale colour
palette illustrates the bottom of the groove to be dark blue/black, whereas the top of the rib
is white/red. In this example, the 3D model shows asphalt material grooving stuck between
the grooves at the right-hand side of the AOI highlighted in red. A range of Studies were

performed on each 3D model including Step Height analysis and Volume parameters.

8.2 Step Height Analysis

Step Height analysis was used to investigate the rib and groove dimensions. A positive step
represents the rib with a negative step representing the groove. Analysis involved
extracting a series of profiles from the AOI. An example is shown in Figure 8.1. The V shape

of the groove base can be attributed to occlusion.
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Figure 8.1. Series Profile example for test specimen MAD before simulated trafficking.

Figure 8.1 illustrates the 245 cross-sectional line profiles through the AOI of test specimen
MAD. The mean line profile is shown in blue, with the lower profile shown in red. The ribs
and grooves are clearly shown. A single rib was selected as shown in Figure 8.2. This allows

measurement of the rib.
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Figure 8.2. Selected rib for analysis.
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Figure 8.3. Selected groove for analysis.

Figure 8.3 shows a single groove selected for analysis. The width of the rib and groove was
determined with a 5% step edge threshold; 5% of the edges of the groove/rib were

excluded. This was to limit the influence of the curvature phenomena as shown in both the

rib and groove profiles.
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8.2.1 Analysis of the Rib - Positive Step
The positive step represents the rib. Figure 8.4 plots the change in rib width for test

specimens MAA, MAD and MAF with increasing number of wheel passes.
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Figure 8.4. Rib width of test specimens MAA, MAD and MAF against wheel passes.

Figure 8.4 shows the rib width data for each test specimen for the mean and the lower
extracted profile. The mean represents the average width of the total profiles and the lower
represents the lowest profile. The plot shows the mean profile width of test specimen MAA

to be approximately 10mm, MAD to be 26mm and MAF to be 21mm.

Manual measurements before trafficking determined the rib width of test specimen MAA to
be approximately 12mm, MAD to be 28.5mm and MAF to be 21.8mm i.e. the 3D model
measurements broadly align with the manual measurements within a tolerance of 2mm for

MAA 2.5mm for MAD and 0.8mm for MAF.

Figure 8.4 shows the rib width remains relatively constant until testing stopped at 75,000
wheel passes. The outlier in the data for the lower profile of test specimen MAA was due to

partial breakdown of the rib. The graph shows this partial breakdown of the rib is not
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demonstrated in the mean profile, thus demonstrating the need to consider a lower profile

within the data set.
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Figure 8.5. Rib Depth of test specimens MAA, MAD and MAF against wheel passes.

Figure 8.5 shows the rib depth data for each test specimen for the mean and the lower
profile. Prior trafficking / at zero wheel passes, the maximum rib depth of test specimen
MAA for the mean profile was 8mm, MAD was 9.5mm, and MAF was 2.2mm. Manual
measurements before trafficking determined the depth of test specimen MAA to be 9.4mm,
MAD to be 9mm and MAF to be 4.2mm. The 3D model measurements broadly align with the
manual measurements within a tolerance of 1.4mm for MAA, 0.5mm for MAD and 2.2mm
for MAF. As mentioned previously, this discrepancy is less due to the 5% model profile
reduction where 5% of the edges of the groove are not considered due to the curvature at

the groove edges.

The plot shows a general reduction in depth for each test specimen up until a point. This is
demonstrated for test specimen MAA up to 75,000 wheel passes, up to 50,000 wheel passes
for MAF and up to 30,000 wheel passes for MAD.

A possible explanation for the loss of rib depth until a certain number of wheel passes is
simulated trafficking wears the matrix of fines between the aggregate particles. The matrix
in nature is more susceptible to wear than the aggregate due to its finer material

composition. Therefore, it is the least resistant to wear. This loss of matrix is likely to
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account for the reduction in groove depth as reduction is only a few mm. The reduction of
depth up until a point is less likely due to the aggregate loss as the reduction would be

expected to be much greater. The point at which the matrix of fines influences the depth is

likely related to the rib width / groove spacing ratio.

The greatest depth reduction is observed for test specimen MAA. Test specimen MAA has
the smallest rib width / groove spacing ratio; therefore, as identified in chapter 5, the
smaller ratio has higher interface pressures as the ratio facilitates greater depths of tyre
embedment. Therefore there is greater stress on the rib. The ability of the rib to withstand
this stress is less likely after the 6000 wheel passes, as the initial reduction could
correspond to the loss of the matrix of fines, after which there is a fluctuation. However, a

general reduction could correspond to the loss of aggregate particles within the groove.

The hypothesis that rib width / groove spacing ratio influences the wear of the groove, as

demonstrated through groove depth, is also applicable for test specimens MAD and MAF.

The reduction of depth due to the loss of the matrix of fines occurs up to 50,000 wheel

passes for test specimen MAF and up to 30,000 for test specimen MAD. Therefore, test

specimen MAF has greater resistance to wear than test specimen MAD.

The data suggests the point at which depth reduction changes is influenced by rib width /
groove spacing ratio. As found in chapter 5, the interface pressure for MAF with a rib width
/ groove spacing ratio of 0.88 is greater than MAD of 0.83, albeit, by only 0.04, the interface
pressure is not as severe due to less enveloping. Therefore, there is less stress and

ultimately less wear, therefore less groove depth reduction.

The loss of the matrix if fines due to trafficking reduces the depth at which the aggregate
particles is embedded into the bulk of the asphalt surface making them less resistant to
wear. This process makes the aggregate vulnerable as erosion of the matrix influences the
depth of embedment, further increasing the vulnerability of the aggregate as the stress on
the aggregate increases as the depth of enveloping increases. This is experienced after
50,000 wheel passes for MAF and 30,000 for MAD. The plotshows an increase in depth after
a certain number of wheel passes, particularly at the greater wheel pass intervals. At this
point, the exposure of prominent aggregate due to erosion of the matrix of fines is likely to

contribute to this perceived depth increase.
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8.2.2 Analysis of the Groove - Negative Step
The negative step represents the groove. The groove width influences the depth to which
enveloping of the tyre occurs. Figure 8.6 illustrates the groove width oftest specimens MAA,

MAD and MAF against wheel passes.
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Figure 8.6. Groove width of test specimens MAA, MAD and MAF against wheel passes.

Figure 8.6 shows the groove width data for each test specimen for the mean and the lower
profile. Prior trafficking / atzero wheel passes the width ofthe groove oftest specimen MAA
for the mean profile was 10.1lmm, MAD was 6.2mm, and MAF was 2.5mm. Manual
measurements before trafficking determined the width of test specimen MAA to be 10.3mm,
MAD to be 6.2mm and MAF to be 2.16mm. The 3D model measurements align with the
manual measurements with only a small horizontal measurement degree of

error/discrepancy of 0.2mm for MAA, Omm for MAD and 0.34mm for MAF.

The plot shows that all test specimens broadly maintain their groove width with
fluctuations within a margin of around 1/2mm except for test specimen MAA after 50,000

wheel passes. Fluctuations in the data could represent the immediate edges of the groove
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where they are more susceptible to change due to the tyre enveloping into the groove. As

identified in chapter 5, the greatest stress occurs at the immediate edges of the groove.

The greater width changes observed for test specimen MAA are likely due to groove

breakdown influencing the groove width measurement.
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Figure 8.7. Groove depth of test specimens MAA, MAD and MAF against wheel passes.

Figure 8.7 shows the maximum groove depth data for each test specimen for the mean and
the lower profile. Prior trafficking / at zero wheel passes, the maximum groove depth of test
specimen MAA for the mean profile was 9mm, MAD was 8.6mm, and MAF was 2.5mm.
Manual measurements before trafficking determined the depth of test specimen MAA to be
9.4mm, MAD to be 9mm and MAF to be 4.2mm. The 3D model measurements broadly align
with the manual measurements within a tolerance, there is a vertical measurement degree
of error/discrepancy of 0.4mm for MAA, 0.4mm for MAD and 1.7mm for MAF. As mentioned

previously, this discrepancy is less due to the 5% model profile reduction.

The plot shows a general reduction in depth for test specimens MAA and MAF with some

fluctuations. There is a discrepancy in that data at 75,000 wheel passes for MAF where the
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depth increases. This is likely an error contributed by occlusion, where the penetration of
light to the bottom of the groove was limited due to the groove width. In the 3D model, the
profile was shown as a ‘V’ shape rather than a ‘U’ shape where the walls of the groove were
shown to taper, whereas, in reality, they were cut straight. This phenomenon raises the
question of whether a step analysis for narrow groove width is appropriate or where
mitigation measures such as LED lighting and alternative photographic tilt angle at which

are used to reduce/inhibit this phenomenon.

Test specimen MAA shows the greatest depth difference, from 9mm to 5/4mm. This is not
surprising given the dimensions of the rib width / groove spacing ratio; therefore, itis quite
slender and more susceptible to breakdown. Test specimen MAD shows a small reduction
in depth up to 30,000 wheel passes; however, the depth is arguably constant/stable in the

region of 9mm.

The groove depth is of importance in such data as it facilitates the bulk removal of water. A
reduction in groove depth reduces the volume which the groove can handle. In this case,
MAD maintains its depth, therefore, maintains its volume. In contrast, MAA reduces in
depth, as does MAF, therefore significantly affecting its ability to remove the bulk volume of

water during wet conditions.

8.3 Abbot Firestone Analysis

The Abbot-Firestone Curve quantifies the volume of peak material (Vmp), the volume of
core material (Vmc), volume of core voids (Vvc) and volume ofvalley voids (Vvv). These are
illustrated in Figure 8.8. The Abbot-Firestone curve illustrates the cumulative curve of the
distribution of volume. The plot shows the bearing volume at different height percentages

above the surface form.

Chapter 7 had considered the change in pendulum values due to simulated trafficking.
Quantification of change in surface parameters was not within the capabilities of the
pendulum test. Therefore, there was no indication of why pendulum values were changing

the PTV data.
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Figure 8.8. The Abbott Firestone Curve (Abbott and Firestone, 1933).

The AFC is a simple plot representing a texture profile (Abbott and Firestone, 1933). This
shows the volume of surface texture material at depth into the surface. The default limits p
and q are typically 10 % and 80 %. Depth into the surface texture is split into three zones,
peak, core and valley, dependent on the position of the AMBR limits p and g. P and q are
shown as 10 and 80 respectively on the X axis. Change in the Abbot-Firestone Volumetric
parameters was investigated to determine whether it may help explain the variation in

pendulum values.

Vmp is the peak material volume of the scale limited surface. Vmp represents the volume of
material of the areal material ratio p (%). Vmp is measured in ml/mZ2. The areal material
ratio parameters that divide the peaks and valleys from the core material are specified in

area roughness parameters.

In this investigation, Vmp was considered to represent the upper peaks of the asphalt
surface. These peaks are considered to be in contact with the tyre at tyre-pavement

interface (Mc Quaid, 2016). Kogbara et al. 2018 concluded that Vmp had a good correlation
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with GripNumber. Therefore, Vmp was chosen to determine whether it could explain the

development of PTV during simulated trafficking.

8.3.1 Vmp of test specimen MAK

Test specimen MAK represents the ungrooved control. Figure 8.9 plots pendulum and Vmp
data for increasing number of wheel passes for test specimen MAK. The log scale is used to
better illustrate the trafficking intervals. The plot shows PTV decreases from an initial PTV

of 71 before trafficking to 59 at 200 wheel passes.

This decrease in PTV corresponds to a similar decrease in Vmp from an initial value of 9
ml/m2 to 5 ml/m2 at 200 wheel passes. The data follows a similar trend where PTV
decreases, Vmp increases, and vice versa until 10,000 wheel passes. After 10,000 wheel
passes, a large increase in Vmp from 5.9 ml/m2 to 9.8 ml/m?2 at 75,000 wheel passes only

corresponds to an increase of 4 PTV points.
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Figure 8.9. Pendulum Values and Vmp against wheel passes for test specimen MAK
(log scale).

Considering the data change in terms of the asphalt surface, Vmp is the volume of material

in the aggregate peaks. Initially, excess bitumen coats the surface of the aggregate and the

146



peaks / microtexture is concealed in a coating of bitumen. This coating would correspond

to an initial high volume of peaks as the bitumen has created a smoother surface.

As the asphalt surface is trafficked, the bitumen becomes worn away and the microtexture
on the aggregate becomes exposed. This microtexture has a lower volume than the peaks
coated in bitumen and corresponds with a decrease in pendulum value. At this early stage
of simulated trafficking, these early life changes could also be influenced by the initial
smearing and bedding in the bitumen on the surface of the aggregate. Figure 8.10 illustrates
a schematic of the bitumen coating the peaks of the aggregate. The red dotted line

represents p on the Abbot-Firestone curve on shown in figure 8.8.
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Figure 8.10.  Vmp schematic - bitumen removal from surface of aggregate.

As trafficking continues the PTV would be expected to increase due to the removal of
bitumen exposing the aggregate. When the bitumen is worn from the aggregate, the peaks

become exposed, corresponding to a Vmp reduction. Continued trafficking would appear to
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increase the volume in the peaks as the surface volume increases due to the peaks becoming

rounded and worn.

Vmp is considered to relate to the micro-scale of surface texture as it relates to the upper
surface of the aggregate peaks. Using Vmp to consider the change of PTV at greater wheel
pass intervals is questionable. At higher wheel pass intervals, the surface is likely to become
worn and degraded; therefore, the Vmp may display erratic data. This is likely the case after

10,000 wheel passes.

8.3.2 Vmp of Test Specimen MAA

Test specimen MAA represents an extreme rib to groove ratio. Figure 8.11 shows PTV and
Vmp data plotted with increasing number of wheel passes for test specimen MAA. Pendulum
testing was only carried out until 6000 wheel passes as rib degradation made it impossible
to maintain the recommended swing length. This wear of the rib has influenced the PTV and
Vmp data. The considerable variation of Vmp reflects particle loss. This example illustrates

a different phenomena to occur depending on rib / groove dimensions.
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Figure 8.11. Pendulum and Vmp data against wheel passes for test specimen MAA (log

scale).
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8.3.3 Vmp of Test Specimen MAD

Test specimen MAD represents similar dimensions recommended by ICAO. Figure 8.12
shows pendulum data, and Vmp data against wheel passes for test specimen MAD. The plot
shows PTV decreases from an initial PTV of 82 to 80 at 200 wheel passes. This reduction
corresponds to a Vmp increase from an initial value of 10 ml/m2 to 12ml/m2. After 200
wheel passes, a reduction in Vmp corresponds to a reduction in PTV. PTV stabilises after
400 wheel passes in the region of 64~62 PTV whilst Vmp fluctuates but generally increases.

After 10,000 wheel passes, an increase in Vmp corresponds to an increase in PTV and vice

versa.
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Figure 8.12. Pendulum Values and Vmp against wheel passes for test specimen MAD

(log scale).

As the volume of the material in the peaks changes between 20,000 and 50,000, the change
could indicate potential degradation in the matrix of fines as the material is worn. As PTV
remains stable, this would support the ideology of the changes in the matrix of fines. When
the pendulum interacts with the test specimens, the prominence of the aggregates indicates

pendulum values and not the matrix of fines.
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8.4 Vmp for Test Specimen MAF

Test specimen MAF represents a rib width / groove spacing with a narrow groove width.
Figure 8.13 shows pendulum data, and Vmp data against wheel passes for test specimen
MAF. The plot shows PTV decreases from an initial PTV 72 to 60 at 200 wheel passes. This
reduction corresponds to a Vmp increase from an initial value of 9 ml/m2 to 5ml/m2. This
relationship is consistent up until 10,000 wheel passes. After 10,000 wheel passes, Vmp

increases; however, PTV remains relatively stable between 55 and 60 PTV.
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Figure 8.13. Pendulum Values and Vmp against wheel passes for test specimen MAF

(log scale).

As mentioned previously, the PTV data for test specimen MAK and test specimen MAF is
almost identical. The relationship between PTV and Vmp for both also demonstrates this
consistent relationship. The trend identified is similar to that of the control specimen MAK;
however, for MAK, the data is more closely aligned. Test specimen MAF has a 3mm groove

and therefore is closest to the control.

The change in data with the asphalt surface indicates similar to that previously identified,
where the bitumen coating the surface of the aggregate contributes an initial high Vmp.

Trafficking removes this excess bitumen and exposes peaks in the aggregate. The slight
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change in PTV is indicative of the surface still maintaining excess bitumen with the addition

of the influence of the grooving.

Similar to test specimen MAK, the aggregate properties are resisting wear and therefore

maintaining the PTV value. However, the Vmp fluctuates over a greater volume range, and

it could be suggested that grooving contributes to this fluctuation.

8.5 Summary

Vmp can assist in the explanation of the change in pendulum values with
simulated trafficking.

The use of Vmp is more critical in the earlier stages of trafficking as the surface
is generally not extensively influenced by degradation or wear.

The use of Vmp at higher wheel passes may not be appropriate as the loss of
aggregate or material may give rise to misleading data as the reference line from
which Vmp is determined will be affected by the loss of aggregate.

Generally, before trafficking, Vmp values are high. This value changes as the
surface interface changes with simulated trafficking. The Vmp generally reduces
as the excess bitumen coating the surface is worn from the surface of the
aggregate. As the microtexture ofthe surface of the aggregate becomes exposed,
this corresponds to a decrease in Vmp. There is a period of stability as the
microtexture resists the trafficking action. Vmp can fluctuate significantly more

at higher wheel pass intervals due to surface degradation.
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CHAPTER 9.

INVESTIGATING GROOVED SURFACE

INTERFACE WITH BRITISH
PENDULUM SKID RESISTANCE TESTER
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9.1 Introduction

This chapter investigates the interface between the British Skid Resistance pendulum tester
and grooved test specimens using the paint removal technique. The paint removal after
pendulum testing was quantified using Image-Pro analysis. Paint removal was indicative of
contact area. The investigation was in two parts. The first part used idealised grooved
aluminium plates to consider the effect of test specimen rotation angle, rib width and groove
width on contact area. The second part investigated testing GMA test specimens subjected

to simulated trafficking.

The chapter demonstrates a lot of new findings when utilising the British Pendulum Tester.
Itcan be inferred that whilst weaknesses have been demonstrated when utilising the British

Pendulum Tester there is no suitable alternative and therefore it continues to be utilised.

9.2 Initial Investigation

The first part of the investigation used 10mm thick aluminium plates with seven idealised
groove patterns. The plates geometric properties are shown in Table 9.0. The spacing ratio
represents the rib width to groove spacing. The smallest ratio corresponds to a larger
groove width with smallest rib width and similarly the largest ratio corresponds to a larger
rib width with smallest groove width. The pendulum testing used the 76.2 + 0.5 mm wide
slider with a swing length of 126 + Imm as detailed in BS EN 13036.

Table 9.0. Idealised aluminium plate groove dimensions

Rib width | Groove width | Groove Depth | Groove spacing | Rib width / Groove
(mm) (mm) (mm) c/c (mm) spacing ratio

32 3 6 35 0.91

32 6 6 38 0.84

32 12 6 44 0.73

19 6 6 25 0.76

10 6 13 0.77

10 6 16 0.63

10 12 6 22 0.45
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Figure 9.0. Testing arrangement for plate rotation angle of 0°

Figure 9.0 shows the testing arrangement for a plate rotation of 0°. A water based paint was
applied to the surface of a test specimen. Two rotation angles were assessed, 0 degrees
perpendicular to the grooves, and 10 degrees with respect to the grooves. Removal of paint

during the test was used to indicate the area of contact.

Figures 9.1 and 9.2 compare paint removal during the pendulum test for a non-grooved test
specimen at different rotation angles. The direction of swing was right to left. Both Figures

show total paint removal in the contact interface.

The contact patch for both tests is visually the same. Measurement using Image Pro found

their contact area to be similar at 9100 mmz2. This initial experiment concluded that test

angle did not affect the smooth aluminium test specimen.
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Figure 9.1. Paint removal for non-grooved idealised aluminium surface at 0.

Figure 9.2. Paint removal for non-grooved idealised aluminium surface at 10°.

Figures 9.3 and 9.4 compare paint removal during the pendulum test for standard ICAO
grooving dimensions of 6 mm groove width and 32 mm rib width at 0° and 10°. The
pendulum was arranged so that the start of the contact coincided with the centre of a rib
first. Both images visually illustrate how grooving the test specimen can impact the slider

contact with the surface.
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Figure 9.3. Paint removal for 6mm groove width and 32mm rib width tested at 0°.

Figure 9.4. Paint removal for 6 mm groove width and 32mm rib width at 10°.

Both paint removal patterns show the pendulum slider bouncing over the grooved surface

as evidenced by the intermittent contact. At the 0° rotation angle, more paint was removed
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during the first part of the swing and much less for the out-swing. The paint removal for the

10° rotation angle test was comparable in this respect.

It is suggested that this removal pattern is attributable to the rapid early dissipation of

energy when the slider hits the surface harder. The energy is reduced as the pendulum

slider impacts the edges of the grooves.

Paint removal provides insight into the contact patch and its interface with the grooved
surface and the area of contact the pendulum value is derived from. This initial testing

warranted the need to investigate the pendulum testing of grooved surfaces further.

9.3 Pendulum Contact Area

Pendulum testing at 5 rotation angles increasing from 0° to 12° in 3° increments was
investigated using the ICAO standard grooving dimensions for an idealised aluminium plate
surface. The test specimen was rotated to facilitate the change in angle of interaction. The
contact area for each testing angle was determined using Image-Pro. The test results are

summarised in Table 9.1 and plotted in Figure 9.5.

Also shown is a percentage change in contact area compared to the un-grooved test
specimen. The 0 % contact area for the un-grooved test specimen was used as a control. The
difference in contact area due to the rotation angle was expressed as a percentage change.

This contact change was compared to that contact of a non-groove surface i.e full contact.

Table 9.1. Effect of test specimen rotation on contact area for the ungrooved control

and the 6 mm groove width and 32mm rib width test specimen.

Rib Rotation of test specimen | Contact area (mm?2) Contact change (%)
width/Groove | (degrees)
spacing ratio

0.84 0 3926 -57%

0.84 3 6048 -34%

0.84 6 5901 -35%

0.84 9 5133 -44%

0.84 12 8042 -12%

1.00 0 9100 0%

1.00 12 9100 0%
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Table 9.1 shows the effect of test specimen rotation on contact area for the 6 mm groove
width and 32mm rib width test specimen. The rib width / groove spacingratio of 1.0 contact
area was measured to be 9100mm?2. This measurement differs from that determined by the
actual pendulum swing length of 9600mm?2 based on the pendulum slider dimensions
detailed in Chapter 7.2. This discrepancy is likely due to practicality of carrying out

pendulum testing.

Contact change was calculated by the following.

(9100 — 3926

— 0.57 * 100 = 579
9100 ) * %

The Rib width/Groove spacing ratio of 1.0 represents the ungrooved control test specimen
whereas 0.84 represents the grooved test specimen. The data shows a 57 % reduction in
contact area for a change in Rib width/Groove spacing ratio from 1.00 to 0.84 for 0 degree

rotation.

Pendulum testing at 0 degrees for the grooved surface derives a pendulum value from 57%
less contact area than that of the control surface. The data in general shows contact change
percentage difference is reduced as the test specimen rotation angle increases, therefore
contact is increasing. The data shows contact change is limited between 3 and 6 degrees.
This change is likely related to the point at which the slider initially interfaces the rib which
influences the bouncing of the pendulum. Nine degrees represents a decrease in contact
area - likely due to the grooved interface at this angle, whilst an improvement in contact
area from 0 degrees, 9 degrees has likely reintroduced bouncing as compared to 3 and 6

degrees.

[t is suggested this reduction is due to the influence of reduced contact of the pendulum
slider as the impact on the grooved edges is reduced with rotation. The contact with the ribs
becomes more consistent and the bouncing effect is reduced. The pendulum slider is sliding

along the groove edges rather than impacting them,
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Figure 9.5 and 9.6 show the change and percentage change of contact area with increasing
rotation angle. The data shows in general a reduction in the percentage difference of contact
area as the rotation angle increases. This reduction illustrates greater paint removal which
isindicative of greater contact. The data demonstrates a stepped like effect throughout each
rib width / groove spacing ratio apart from 0.45. This stepped effect may be due to the
pendulum slider interfacing the edge of the groove/rib, sliding along the edge rather than

enveloping them.

The percentage change data shown in Table 9.1 / Figure 9.6 suggests this interaction is
sensitive to rotation angle. Therefore, whilst the contact area generally increases small

changes in the rotation angle can significantly impact the contact area.

For example, during the testing process there was an effort made for the pendulum slider
to interface the centre of the rib first. This became impracticable as rotation angles
increased. This was reflected in the data for inter-groove ratio of 0.63 at 9 degrees where
some bouncing of the pendulum slider may have occurred. The data demonstrated that for
a rib width / groove spacing ratio of 0.45 that the opposite relationship occurs where the
contact area decreases with rotation. This is likely due to the groove width facilitating a

degree of enveloping and therefore increasing the bouncing effect.

9000
Rib
8000 ,
width/Groove
8
7000 spacing ratio
‘g 6000 —o— .84
=
= 5000 ——0.77
Z
- 4000 0.76
|}
3 o
S 3000 0.73
]
—l— .
2000 063
0.45
1000
0
0 3 6 9 12 15
Rotation Angle (degrees)
Figure 9.7. Change in contact area for all idealised groove test specimens.
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Figure 9.7 shows the change in contact area for all of the idealised grooved specimens. The
data shows the same general relationships identified for the rib width / groove spacing of
0.84. The data shows increase in contact area as the test specimen rotation increases.
However, the data for a Rib width/Groove spacing ratio of 0.45 demonstrates a gradual

decline in contact area as compared with other ratios.

[ts contact area decreases with increasing test specimen rotation angle. This is likely due to
the increased density of ribs / grooves which corresponds to an increase in impact points.
The data for a ratio of 0.76 is closest to the control contact area with a rotation angle of 12
degrees. This suggests that for each rib width / groove spacing ratio there may be an
optimum rotation angle which provides the greatest contact area whilst also mitigating the

effect of the pendulum slider bouncing.
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Figure 9.8. Rib width/Groove spacing ratio against Contact Area for rotation angles of

0 and 12 degrees.

Figure 9.8 shows Rib width/groove spacing against Contact Area for rotation angles of 0
and 12 degrees. The plot shows that contact area increases with increasing Rib
width/groove spacing ratio. It also shows that a rotation of 12 degrees results in greater
contact area than at 0 degrees. There is also less divergence of the data points from the

trendline.
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9.4 Comparison of idealised surface and Marshall Asphalt paint removal
patterns

Figures 9.9 to 9.11 compare the paint removal patterns for the 38 mm centre - centre

idealised aluminium plate test specimen with its equivalent Marshall Asphalt test specimen

at rotation angles of 6, 9 and 12 degrees. The paint removal patterns are broadly

comparable. They show how the pendulum bounces across the grooved test surface due to

interaction with the surface. The number of bounces as determined by the visual inspection

decreases as the test specimen rotation angle is increased.

4 ' J
q 5=, i I

Figure 9.9. Contact phenomena for the pendulum on 38mm ribs and 6mm groove

pattern at 6°

Figure 9.10. Contact phenomena for the pendulum on 38mm ribs and 6mm groove

pattern at 9°
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Figure 9.11. Contact phenomena for the pendulum on 38mm ribs and 6mm groove

pattern at 12°

The images show the idealised surface which is rotated and then pendulum tested Vs the

Marshall Asphalt test surface which is grooved at an angle and pendulum tested.

9.5 Pendulum Test Value of Idealised Surfaces
Pendulum testing was carried out at rotation angles of 0, 3, 6,9 and 12 degrees. Table 9.2
summarises the PTVs for idealised aluminium test specimens with different groove ratios.

Figure 9.13 plots the data.

Table 9.2. Idealised grooved aluminium PTV data for different Rib width/Groove

spacing ratios and rotations.

i . . Groove .

widthl}l(l})roove Rib width width Rotation (degrees)
spacing ratio (mm) 0 3 6 9 12
0.77 10 3 64 |56 | 57 | 43 | 36
0.63 10 6 74 | 86 | 97 | 92 | 47
0.45 10 12 72 | 88| 93 | 114 | 115
091 32 3 43 | - - - -
0.84 32 6 49 140 | 39| 35 | 25
0.73 32 12 96 |90 | 76 | 79 | 71
0.76 19 6 67 | 56 | 67 | 46 | 28
1.00 Control 14 | 15| 14 | 14 14
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Figure 9.12.  Plot of Pendulum Test Value (PTV) and rotation angle.

Figure 9.12 shows a plot of Rotation Angle (RA) against Pendulum Test Value (PTV). The
data shows there was no change in PTV for the un-grooved specimen when changing the
test specimen rotation angle. The control specimen had the lowest PTV. This was expected

as it is a smooth surface.

The remaining rib width / groove spacing ratios show there was a decrease in PTV as the
test specimen’s rotation angle increased. The one exception was rib width / groove spacing

ratio 0.45, with PTV increasing with rotation angle.
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Figure 9.13. PTV of idealised grooves Vs rib width / groove spacing ratio.

Figure 9.13 plots PTV of idealised grooves Vs rib width / groove spacing ratio for the
different test specimen rotation angles considered. The plots show that rib width / groove

spacing ratio has a different effect on PTV for the rotation angles considered.

The plot show there is no dominant rotation angle which generates the highest PTV across
all groove spacing ratios. The data suggests rotation angle for providing greatest PTV is rib

width / groove spacing ratio specific.
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9.6 Comparison of contact area and PTV
Comparison of contact area, PTV, test specimen rotation angle and rib width / groove
spacing ratio were carried out. The main findings are summarised in Figure 9.14, which

combines these four variables in a single plot.
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Figure 9.14. Measured Contact Area Vs Measured Pendulum Value for all Rib width /

Groove spacing ratios.

140
120 oo y =-0.0094x +104.42
R?=0.76
100
[ d [ ]
“oe.... . °
8 | Te.® ° ® Rib width /
= ° ‘0. 0 G
= o o2 . roove
£ . .
60 o .0 spacing ratio .
o o O,
" °
40 e °*° ...
® ...,
20 ® e,
[ J
0
0 2000 4000 6000 8000 10000

Contact Area (mm?)

Figure 9.15. Master plot showing the general relationship between measured contact

area Vs measured pendulum value for all Rib width / Groove spacing ratios.
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Figure 9.14 shows the contact area vs pendulum value for all rib width / groove spacing
ratios. The data shows an overall decrease in PTV as the contact area increases. This
reduction applies to each groove ratio. The general trend shown on the master plot in Figure
9.15 demonstrates that PTV broadly declines with increased contact area regardless of the
rib width / groove spacing ratio. The plot shows that different rib width / groove spacing
ratio provides different levels of PTV with the lower inter groove ratio providing the
greatest PTV. This was unexpected given that greater contact should equate to greater
resistance and a higher pendulum value. The plot demonstrates the significance of groove
dimensions suggesting groove dimensions ~ rib width / groove spacing ratio primarily
contributes to PTV than that of the rib contact area as those with the higher PTV have lower
rib width / groove spacing ratio and those with higher rib width / groove spacing ratio have

lower PTV.

9.7 Idealised Grooves Multiple Regression Predictive Model

A multiple regression analysis of the data used to plot Figure 9.14 was conducted using
Microsoft Excel. The dependent variable - PTV tester data including the independent data -
Rib width / Groove spacing ratio and test specimen rotation angle variables were used to

generate an Analysis of the Variance (ANOVA) table. The statistics from the ANOVA table

were used to generate the prediction model below;
y=myx; +myx,+c
Where;

y =PTV

¢ = mathmatical constant

m; = Rib width / Groove spacing ratio Coefficient /constant
x, = Rib width / Groove spacing (input)

m, = Rotation Angle Coef ficient /constant

X, = Rotation angle (input)

The equation with the constant statistical co-efficient is;
y = —156.924x; + —0.99714x, + 181.2613

The multiple regression co-efficient demonstrate a negative rib width / groove spacing ratio

co-efficient and rotation angle co-efficient. The negative co-efficient demonstrates
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statistical evidence of an inverse relationship between the variables. For example an

increase in dependent variable corresponds to a decrease in independent variable.

An example to predict PTV using this equation is:
y =(—156.924 x 0.77) + (—0.99714 * 3) + 181.2613 = 57.43

The regression model is statistically strong with an Rz of 0.74 as determined from the
regression statistics of the ANOVA table. The ANOVA table and associated data is appended
to Appendix C. The standard error of the model is 15.53 PTV points. This standard error

represents the average value the measured PTV values deviates from the regression line.
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Figure 9.16.  Measured PTV Vs Predicted PTV.

Figure 9.16 shows the measured PTV against the predicted PTV. The plot shows the PTV
data points for less than 60 PTV adhere reasonably closely to the equality line. Beyond 60
PTV, the points become more sparse. This would suggest the model can reasonably predict
PTV accurately of 60 PTV or lower. Above 60 PTV more data points would be required to
predict PTV higher than 60.

Whilst the model does suggest a strong statistical significance (R2 > 0.7), Fwa etal., (2003),

Liu et al,, (2004), found the use of the British Pendulum for measuring grooved surfaces to
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exhibit unreliable pendulum behaviour. Therefore, the model should be considered with a
degree of caution and is recommended for further work.

9.8 Grooved Marshall Asphalt (GMA) Tyre Interface Angle

Standard ICAO groove dimensions of 6mm x 6mm x 38mm centre to centre spacing were
sawn into three Marshall Asphalt test specimens at offset angles of 6°, 9° and 12°. Skid
resistance was determined by the standard method for a non-grooved surface. This was to

ensure consistency in the method of this investigation into differing angles of interaction.
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Figure 9.17.

Plan view schematic of a tyre interacting with Grooved Marshall Asphalt at
6°.

Figure 9.17 illustrates a plan view schematic of a tyre interacting with Grooved Marshall

Asphalt where the Grooves are offset angle of at an angle of 6° anticlockwise. The three test

specimens were subjected to simulated trafficking using the RTM.
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9.9 PTV of Tyre interfacing GMA with offset grooves at offset angles of 6°, 9°
and 12°
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Figure 9.18. PTV for grooves at offset angles of 6°, 9° and 12° before simulated

trafficking for FAA standard grooving.

Figure 9.18 plots the PTV for grooves at offset angles of 6°, 9° and 12° before simulated
trafficking. The plot shows that before trafficking changing the offset from 6 to 12 degrees

caused a small decrease in PTV of 1.57 units.
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Figure 9.19. Angled GMA subjected to 75,000 simulated wheel passes.
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Figure 9.20. Angled GMA subjected to 75,000 simulated wheel passes (log scale).
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Figure 9.20 plots the RTM data in 100,000 wheel passes using a logscale. The log scale was
similar to that used in chapter 7 as the relationship within data is easier to visualise. The
data shows a log-scale decrease in PTV with increasing number of wheel passes. There is a
significant drop in PTV from 85+ to 67 ~ 57 PTV. The 6 and 9 degree plots are similar with
the 12 degree data giving the lowest PTV. The data suggest that whilst 6° initially provides
the best early life PTV values, 9° almost matches 6° but provides marginally lower PTV
values. However, at higher trafficking intervals, 9° offers higher PTV values. This suggests

9° offers higher longevity of PTV values.

In terms of a runway pavement, offset grooving may improve the operational efficiency by

reducing maintenance associated with improving runway skid resistance.

Table 9.3. PTV Percentage change of PTV for three operating angles.
. Prior Trafficking - Prior Trafficking - .
(;I:r)lelizt?)g 10,000 Wheel Passes 75,000 Wheel D1ff(e;;e;nce
& (%) Passes (%) 0
6 27 29 +2
9 26 23 -3
12 27 34 +7

Table 9.3 shows the PTV percentage change from initial skid resistance value up to 10,000
and initial skid resistance value up to 75,000 wheel passes. The data shows that for 6° initial
skid resistance decreases in the region of 27% up to 10,000 wheel passes. As simulated
trafficking increases to 75,000, the further change in skid resistance is modest by an
additional 2%. 9° shows that PTV is similar to 6°; however, as demonstrated in Figure 6.19,
PTV increases. Therefore, the overall PTV decrease is less. 12° shows a greater change in

PTV at 75,000 wheel passes of 34% reduction.

The data suggest that 6° and 9° has a greater ability to maintain higher PTV. As all test
specimens have the same groove dimensions, all changes in PTV can be explained by groove

angle.
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9.10 Rotation Angle (RA) Vs Interface Angle (1A)

The principle of rotation angle and interface angle are fundamentally different. The data
presented up until sub section 9.8 demonstrates relationships from data where the test
specimen is rotated at different angles and then pendulum tested. This relates to the
rotation angle. However, sub-section 9.9 demonstrates data where the tyre traffics GMA

where the grooves are sawn at different off setangles. Therefore, this relates to the interface

angle.
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Figure 9.21. Marshall Asphalt Grooved at 6°, 9°, 12° and Test Specimen MAD subjected

to 75,000 simulated wheel passes (log scale).

Figure 9.21 plots the pendulum data for angled GMA subjected to simulated trafficking at

interface angles of 6°,9°,12° and test specimen MAD where the test specimen is trafficked

at 0° and the pendulum values determined when the test specimen is rotated at 0° and 10°.

The plot for the Interface Angle (IA) data shows a general decrease in PTV as simulated

trafficking increases with fluctuations within the data.
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The Rotation Angle (RA) shows a similar relationship up to 10,000 however there are two
erratic fluctuations within the data. The RA data profile exhibits erratic behaviour at 200
and 20,000. These data points were likely influenced by rougher surface because of wear or
groove breakdown as both 0° and 10° rotation angles show similar erratic behaviour. The
data shows within a wheel pass envelope of between 400 and 10,000 wheel passes that a

RA of 6° offers the highest PTV.

To an airport operator, the ability of the asphalt to maintain its skid resistance throughout
trafficking is highly desirable as this reduces maintenance costs and eventually delays the
replacement of the runway. Therefore, considering which angle offers the greatest

consistent PTV may be of interest.

Table 9.4. Rate of PTV decrease based on a linear relationship.
Angle 0-10,000 wheel passes 0-75,000 wheel passes
(©) R? Equation R? Equation

6| 0.32]-0.0002x +72.1 0.40 | -0.0013x + 75.355
1A 9| 0.09 | -8E-05x +70.202 0.29 | -0.0011x + 72.826
12| 0.24 | -0.0002x + 66.24 0.09 | -0.0007x + 67.693
RA 0| 0.12| 0.0001x + 69.049 0.31 | -0.0012x + 71.947
10| 0.38 ] 0.0001x + 69.583 0.27 | -0.0007x + 71.519

Table 9.4 shows the linear relationship of data in Figure 9.21. Whilst the R2? can be
considered poor as it is generally less than 0.7. Normally in statistics the R2 provides a
statistical indication of the relationship between the dependent and independent variables.
In this case whilst the R2 is poor it is not of consideration as it is the gradient of the trend

line within the data thatis of interest as this is used to compare the rate of PTV decrease.
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Figure 9.22 shows the linear trend line gradient of the data presented in Figure 9.21. The

plotshows the PTV increase for test specimen MAD (29mm rib, 6mm, groove). This increase

is deceptive (i.e it is perceived to increase as shown by the trend, however, in reality it does

not). The erratic data at wheel pass of 200 and 20,000 likely contributed to the gradient

identified in Figure 9.22.

The plot shows that 6° and 12° are almost parallel with little difference in the gradient of

the line. However, 9° shows the highest PTV with the lowest rate of decrease as suggested

by the linear trend. Therefore, not only does 9° maintain greater PTV stability at higher

trafficking intervals, but it also has the lowest rate of PTV decrease.
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9.11 Summary

Changing the test specimen rotation angle from 0° to 10° has no effect on contact
area for the idealised non-grooved test specimen.

Grooving influences the interface of the pendulum. Grooving causes the pendulum
to bounce over the grooved surface with greater contact occurring when the
pendulum initially interacts with the grooved surface and less contact on the out
swing.

Pendulum contact area increases as the test specimen rotation angle increases from
0° to 12°.

Pendulum values for an idealised groove surface with standard ICAO dimensions
derives a pendulum value from 57% less contact area for 0° whereas this percentage
reduces to 12% for the test specimen rotation angle of 12°.

Comparing the paint removal for an idealised surface to a GMA surface for the same
rotation angles shows the paint removal is broadly comparable.

The angled concept demonstrates that changing the interface angles offers potential

whole life skid resistance benefits and further work in this area is required.
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CHAPTER 10.

LABORATORY INVESTIGATION OF
AIRCRAFT IMPACT TEMPERATURE
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10.1 Introduction

This chapter investigates tyre impact temperature. Impact temperature contributes to the
deposition of rubber on the runway surface upon aircraft touchdown. Tyre impact
temperature is considered the instantaneous heat of the tyre when it makes contact with
the runway surface. The investigation focuses solely on impact temperature. The
investigation simulates the process of landing an aircraft tyre within the constraints of a

laboratory setting.

This chapter considers the effect of Tyre Loading, Speed, Surface Texture and Tyre off Set
on tyre impact temperature. Two methods of measurement were used to capture tyre
impact temperature. Both methods operate on different principles of measurement.
Texsense INF (V/T) 150 ° C records voltage and uses a data logger to convert this into
temperature. Micro-Epilson thermoIMAGER 400 records the surface temperature of the

tyre based on the emitted infrared energy.

10.2 Investigation Equipment / Methods

The methods and equipment used for this investigation is further considered below.

10.2.1 Test Tyre

This investigation used a standard ASTM 1844 friction measuring tyre fitted to the
GripTester, a fixed slip longitudinal friction measuring device. This device is used at many
airports around the world to measure runway wet skid resistance. Given its close
association with airports and the operational safety of runways, a GripTester tyre was felt
to be appropriate for this investigation. Figure 10.0 below demonstrates the scale of the

GripTester tyre compared to a standard Airbus A320 tyre.
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Scale;
Tyre Diameter 1:4
Tyre Width  1:8

(a) (b)

Figure 10.0. (a)ASTM 1844 Friction Measuring Tyre, (b) Standard Airbus A320 Rear

Landing Gear Tyre.

The variation of surface texture was facilitated with the use of three grades of sandpaper
grit. This included Fine Sand Paper - grit size 162um, Medium Sand Paper - grit size 269um,
Coarse Sand Paper - grit size 425um. Application of tyre loading was facilitated with the use

of 10kg loading plates.

10.2.2 Ulster Loaded Tyre Road Assimilator

The ULTRA was used to simulate a tyre dropping onto a moving surface. The ULTRA is
Variable Speed Internal Drum Machine consisting of a steel drum of approximately 1.22m
diameter. The drum rotation speed is controlled by a Danfoss FC302 VLT Automation Drive

up to a maximum of 300 revolutions per minute (rpm) or equivalent to 64.3 km/h.
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Figure 10.1. The ULTRA rolling road apparatus

The ULTRA was used to simulate a tyre dropping onto a moving surface.
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10.2.3 Static Vertical Loading
Total static vertical loading acting through the tyre from the loading carriage was

determined using a Novatech F204 load cell with a digital Red Lion strain gauge indicator.

Figure 10.2.  Determination of total static vertical load using Novatech F204 load cell

with a digital Red Lion strain gauge indicator

The Novatech F204 is a bi-directional load cell show in figure 10.2 measures both tension
and compression and is used within the motorindustry. It consists of an axial strain cylinder

and has a maximum limit of 10kN.

The Red Lion strain gauge indicator consists of a digital voltmeter combined with a high-

gain, differential input amplifier that has provision for wide range scaling adjustment.

The set-up enabled standardisation of the total load acting through the tyre. The total load
of the carriage was initially determined, followed by the additional applied loading of 10kg
loading plates up to a maximum of 100kg. Red Lion values generated for each successive
10kg increment were used to produce a standard graph. The red lion values were compared
for the tyre loading conditions to calculate the load applied to the tyre. The R2 was used to

calculate the total loading.
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The Red Lion values were recorded for both loading and unloading of the 10kg plates. The
Red Lion value was then converted to a total load value in the form of Kilonewtons (kN).

This is displayed in Appendix D.

10.2.4 Test Variables
[t can be appreciated that various factors influence the thermal signature of tyre impact
temperature during aircraft landing conditions. This investigation looks at single

parameters. The variables considered in this thesis are;

o Speed (km/h)
o Load (kN)
o Texture
= ULTRA Drum - Smooth Metal Surface
= Fine Sand Paper (Average Grit Size162pum )
= Medium Sand Paper (Average Grit Size 269um)
= Coarse Sand Paper (Average Grit Size 425um)
o Tyre off set
= (°(Normal operating angle)

] 4°

10.2.5Speed (km/h)

The speed of the ULTRA was determined by working within the limits of the ULTRA. The
maximum drum speed was 64.3km/h. The initial speed conditions for the smooth ULTRA
test surface were 10, 20, 30, 40, 50 and 60km/h.

Speed conditions were revised for further testing as it was felt that using three-speed
conditions provided sufficient data to determine the relationships amongst the data. Thus

speed conditions for the sandpaper surfaces were reduced to 20, 40 and 60km/h.
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10.2.6 Load (kN)

The loading of the tyre was determined by the ability of the loading carriage to retain

additional load.

The applied loading conditions were 20, 40, 60, 80, 100kg for the smooth ULTRA surface.
This equated to a total loading of 0.53, 0.76, 1.0, 1.29 and 1.55 kN acting through the tyre.

Loading conditions were revised for further testing as considered that the loading
conditions should reflect the operating conditions of the grip tester friction measuring tyre.
Therefore, it was determined that the loads considered were greater than the standard
operating load of grip tester friction tyre. The standard operating load of a grip tester
friction tyre was 20kg which equates to 0.19kN. Thus total loading of the ULTRA was
reduced to 0.19, 0.33 and 0.43 kN.

10.2.7 Surface Texture

Initially to reduce the influence of pavement texture on tyre impact temperature, the
smooth surface of the ULTRA was considered. However, after consultation with Jet2 Ltd
Engineering department (personal communication, April 11, 2019) it was felt that whilst
the smooth surface kept the data simplistic, it may also give inaccurate results as the
coefficient of friction for rubber can be reduced considerably for smooth surfaces. Thus
three grades of micro grit sandpaper were introduced to facilitate the introduction of
texture. The sand paper introduced is composed of aluminium oxide with different grit

sizes. The three micro grits considered were;

o P100 - Fine Sand Paper (Average Grit Size162pm )
o P60 - Medium Sand Paper (Average Grit Size 269um)
o P40 - Coarse Sand Paper (Average Grit Size 425um)

Sandpaper was chosen as the tyre industry use sandpaper to facilitate texture conditions

when investigating tyre behaviour on different surfaces.

10.2.8 Tyre Off Set

The angle of the tyre interaction on the surface is also considered to account for the
interaction where an aircraft may have to land in crosswind conditions. The standard
condition is where the tyre is in line with the horizontal speed ofthe aircraft (0°) and, in this

case, in line with the rotating direction of the drum and for offset conditions, the tyre was
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offset at approximately 4°. 4° was considered an appropriate offset to work safely within

the constraints of the ULTRA drum.

10.3 Method of Temperature Measurement
This investigation used two methods of non-contact measurement operating on different

principles of measurement.

o Texsense INF (V/T) 150 °C records voltage and uses a data logger to convert this
into temperature.
e Micro-Epilson thermoIMAGER 400 records surface temperature of the tyre based

on the emitted infrared energy.

Figure 10.3.  Impact temperature measurement set up

Due to the constraints of the ULTRA set up, the temperature measurement equipment
recorded the temperature of impact after the tyre had approximately rotated 270° after
impact. Figure 10.3 shows the temperature measurement set up for the two different

devices.
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10.3.1 Texsense INF (V/T) 150°C
The Texsense INF consists of two elements for tyre temperature measurement; a single

point infra-red temperature and a GPS data logger. Both devices have been developed and

used for motorsport applications.

Figure 10.4. Texsense INF (V/T) 150 ° C temperature measurement device.

Figure 10.4 shows the Texsense INF temperature measurement device. It has a temperature
measuring capability in the range of 0°C to 150°C with a response time of 50 ms. At a
distance of 50 mm, the spot measurement has a 12.5 mm diameter. Within this area, the
device takes an average spot temperature measurement. This device operates on the
principle of measuring voltage. The device outputs a signal from 0 to 5 volts. This voltage is

converted to temperature using a calibration table provided by the manufacturer.

10.3.2 Micro-Epilson thermoIMAGER 400
The Micro-Epilson thermoIlMAGER 400 is a thermal imaging camera that calculates
temperature based on emitted infrared energy. The thermal imaging works with adjoining

propriety software TIM Connect.
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Figure 10.5.  Micro-Epilson thermoIMAGER 400 temperature measurement device.

The two-dimensional detector (FPA - focal plain array) enables the measurement of an area
of interest, and this is projected as a thermographic image using standardized palettes. It
has a measuring capability of 20°C to 900°C with a maximum functioning capacity of 80Hz
a second. For this investigation, the thermoIMAGER was placed at approximately 11cm from

the tyre, which enabled a view across the tyre's width.

10.3.3 Experimental Procedure
The ULTRA was set to the desired speed condition, and the loading plates were placed onto
the loading carriage for the desired loading condition. The methods of measurement were

set to record, and the tyre dropped onto the rotating surface.

10.4 Data Preparation

Raw data collected for a smooth surface at 60km/h is presented in Figure 10.6. Figure 10.6
shows ambient temperature conditions prior to the tyre is dropped onto the rotating ULTRA
surface; the spike in the data represents the impact temperature when the tyre is dropped.
The difference in ambient conditions (y-axis) and the difference in tyre drop (x-axis) can be
seen. To facilitate comparison, the ambient conditions were standardised to 20°C this was
done by subtracting the average room temperature - 20°C from the collected data as
illustrated in Figure 10.7. To further facilitate comparison, the x-axis was manipulated to

show the impact temperature occurring at 1 second, as shown in Figure 10.8.
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60km/h Texsense Device Raw Data Set for a smooth surface.
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60km/h Texsense Device Raw Data y-axis Standardised to 20°C for a

smooth surface.
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Figure 10.8. 60km/h Texsense Device Raw Data Standardised to 20°C for both axis for a

smooth surface.

10.4.1 Experimental Data

A series of experiments were performed for five loading conditions and six test speeds for
the smooth surface, three loading conditions and 3 test speeds for the three sandpaper
surfaces, three loading conditions, and 3 test speeds with a 4 degree offset angle. A
minimum of 3 runs was carried out for each test condition for the smooth surface, and a

minimum of 2 runs was carried out for the sandpaper surfaces.

Figures 10.9 to 10.11 illustrate how the Texense sensor dataset recording at 100 Hz can be
progressively used to explain what happens in the interface for the landing aircraft
tyre/runway contact patch. This example is for measurements recorded with the ULTRA
drum rotating at 20, 40 and 60 km/h. The tyre inflation pressure is 20PSI with a 0.53 kN
load. The hydraulic control is used to drop the statically loaded ASTM friction tyre onto the
rotating internal lip of the ULTRA drum. The static tyre makes a sudden impact with the
rotating drum simulating the tyre of a landing aircraft. The Texense sensor records tyre

surface temperature as it starts to rotate.
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Figure 10.9. Tyre drop data recorded for 30 seconds
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Figure 10.10. Tyre drop data for 5 seconds
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Figure 10.11. Tyre drop data for 0.5 seconds

Figure 10.9 shows what happens during the first 30 seconds of the test. The data shows the
surface temperature of the stationary tyre before dropping to be approximately 20 °C
reflecting ambient laboratory conditions. The 100 Hz data then shows what appears to be
an almost instant increase in temperature as the loaded tyre is dropped onto the rotating

surface and makes initial contact at each test speed.

With continued tyre rotation, the measured temperature of the contact patch drops quickly,
showing cooling of the tyre surface. As the test continues, the tyre surface temperature rises

towards an equilibrium rolling condition, as Tierney et al. (2017) identified.

Figure 10.10 shows 5 seconds of this dataset from 1 second before the tyre drops to 4
seconds after the tyre drop. This shows an almost instant increase in temperature followed
by a drop to just above ambient in about 2 seconds. Figure 10.11 shows just 0.5 seconds of
recorded 100 Hz temperature data. It shows approximately 0.08 seconds of ambient

temperature immediately before the loaded tyre is dropped 15 mm to the rotating surface.

A maximum temperature for the first contact patch is measured approximately 0.03
seconds later. The remaining temperature data is after this last for approximately the next
0.4 seconds. The 100 Hz tyre surface temperature, shows the contact patch and its elevated

temperature as the tyre rotates.
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The data shows 3 tyre rotations for 20 km/h, 6 tyre rotations for 40 km/h and 9 rotations
for 60 km/h. Each plot shows the maximum recorded temperature to fall quickly to a

common value within this 0.4 second period.

The data discussed in this chapter refers to the temperature recorded at the initial point of
contact when the tyre is dropped onto the rotating surface. This will be known as tyre
impact temperature. Tyre impact temperature is shown as the initial spike in the
temperature in the above Figures. To account for differences in ambient laboratory
temperature, a A temperature value has been used to plot the initial maximum tyre surface
temperature within the contact patch compared to the starting standardised temperature
for each test condition. The A temperature value was determined by subtracting the

ambient temperature conditions from the impact temperature.

10.5 Speed Vs Impact Temperature

10.5.1 Smooth ULTRA Surface

The primary variables considered in this research were the influence of speed on tyre
impact temperature and the influence of Loading on tyre impact temperature. The following
considers the influence of speed on tyre impact temperature for a smooth surface, coarse

sandpaper surface and a coarse sandpaper surface with a tyre offset at 4 degrees.

191



10.00
9.00
8.00
7.00
6.00
5.00

4.00

ATemperature (°C)

3.00
2.00
1.00

0.00

Figure 10.12.

10.00
9.00
8.00
7.00
6.00
5.00

4.00

ATemperature (°C)

3.00
2.00
1.00

0.00

Figure 10.13.

.
y=01606x .
R?=0.9985 . -
A 7 y=01318k
R? = 0.987
..o.' ....’ ...... ®
e o
o .
S y =0.0733x
----- 2 _
......... s R® = 0.9847
........ 8
2
10 20 30 40 50 60

Speed (km/h)

| |
A
y =0.1582x X
R%=0.995 .
y =0.1491x
'l R% =0.99
. A
...... )
L R
i ........... y= 0.0733x
....... R? =0.9847
....... ®
........ C
20 30 40 50 60

Speed (km/h)

192

70

70

m (0.19kN CSP
A 0.19kN CSP OS
® 0.53kN Smth

Influence of Speed on Tyre Impact Temperature based on Texsense INF
(V/T) method of measurement for a smooth surface, coarse sand paper
surface texture and a 4 degree tyre offset (load condition 1: 0.19 kN and
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surface texture and a 4 degree tyre offset (load condition 2: 0.33 kN and

0.53 kN).
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Figure 10.14. Influence of Speed on Tyre Impact Temperature based on Texsense INF
(V/T) method of measurement for a smooth surface coarse sand paper
surface texture and a 4 degree tyre offset (loading condition 3: 0.43 kN and
0.53 kN).

Figures 10.12 to 10.14 illustrate the influence of speed on tyre impact temperature for the
Texsense INF measurement device at 3 loading conditions. The temperature considered is
the change in temperature (A). CSP represents Coarse Sand Paper, CSP OS represents Coarse

Sand Paper with an Off Set angle and Smth represents the Smooth metal ULTRA surface.

Figures 10.12 to 10.14 follow the same relationship that as Speed conditions increase, the
tyre impact temperature also increases. This correlation is supported with the R2 values
achieving an R? of at least 98%), suggesting that impact temperature is highly correlated by

speed.
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Figure 10.12 shows impact temperature for the smooth ULTRA surface ranged from 0.46°C
to 4.19°C from 10km/h to 60/km/h for loading of 0.53kN. This increased for the coarse
sandpaper where impact temperature ranged from 2.79°C at 20km/h to 9.82°C at 60km/h
for 0.19kN loading. Impact temperature for tyre offset of approximately 4° reduced from

2.79°Cto 2.77°C at 20km/h and from 9.82°C to 7.26°C at 60km/h for 0.19kN loading.

The gradient of impact temperature increase differs amongst the loading values considered
as highlighted by the value on the equation. The smooth texture surface of the ULTRA has
the lowest gradient as suggested by the y=0.0733 compared to the highest of y=0.160 for
0.19KkN loading. This would suggest that a textured surface causes a greater scale of impact
temperature as speed increases. Initially, there is almost no difference between the coarse
sandpaper surface and the coarse sandpaper surface with a 4° tyre offset at 20km/h at
0.19kN; however, the difference becomes apparent at higher speeds where impact

temperature decreases from 9.82°C to 7.26°C at 60km/h.

The increase in loading conditions from 0.19kN in Figure 10.12 to 0.43kN in Figure 10.14
for the coarse sandpaper surface did not have a notable effect on impact temperature;
however, small changes are accounted for in the scale of impact temperature increase. The
gradient of impact temperature suggests that as tyre loading increases from 0.19kN to
0.43kN for the coarse sandpaper surface, the scale of impact temperature decreases as

suggested by y value decreasing from y=0.160 at 0.19kN to y=0.158 at 0.33kN and y=0.149

at 0.43KkN.
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Figure 10.15. Influence of Speed on Tyre Impact Temperature based on Micro-Epilson
thermoIMAGER 400 method of measurement for a smooth surface, coarse

sand paper surface texture and a 4 degree tyre offset (load condition 1:

0.19 kN and 0.53 kN).
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Figure 10.16. Influence of Speed on Tyre Impact Temperature based on Micro-Epilson

thermoIMAGER 400 method of measurement for a smooth surface, coarse
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sand paper surface texture and a 4 degree tyre offset (load condition 2:

0.33 kN and 0.53 kN).
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Figure 10.17. Influence of Speed on Tyre Impact Temperature based on Micro-Epilson
thermoIMAGER 400 method of measurement for a smooth surface, coarse
sand paper surface texture and a 4 degree tyre offset (loading condition 3:

0.43 kN and 0.53 kN).

Figures 10.15 to 10.17 illustrate the influence of speed on tyre impact temperature for the
Micro-Epilson thermoIMAGER measurement camera. The temperature considered is the
change in temperature (A). Similarly to previously identified for Texsense measurement
device, the thermoIMAGER records the same relationship as Speed conditions increase, the
tyre impact temperature also increases. Similarly to the previous correlation, this
correlation is strengthened with the R2 values achieving an R2 of at least 95% and therefore

suggesting that impact temperature is highly correlated by speed.

Impact temperature for the smooth ULTRA surface ranged from 1.89°C to 14.90°C from
10km/h to 60/km/h for loading of 0.53kN. This increased for the coarse sandpaper where
impact temperature ranged from 10.10°C at 20km/h to 29.70°C at 60km/h for 0.19kN
loading. Impact temperature for tyre offset of approximately 4° reduced impact

temperature from 10.10°C to 9.75°C at 20km/h and from 29.70°C to 24°C at 60km/h.
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The gradient of impact temperature increase differs amongst the loading values considered
as highlighted by the value on the equation. The smooth texture surface of the ULTRA has
the lowest gradient as suggested by the y=0.270 compared to the highest of y=0.515 for CSP
0.19kN loading. Similarly to previously identified, this would suggest a textured surface
causes a greater scale of impact temperature as speed increases. For both 0.19kN and
0.33kN initially, the impact temperature for both 20km/h for the tyre offset is arguably the
same, achieving an impact temperature of around ten °C and nine °C, respectively; however,,
at 0.43KkN, there is greater differentiation initially. For the lower load considered, the
difference amongst impact temperature for the CSP and CSP OS is almost the same for
40km/h and 60km/h; however, the difference increases at greater speed conditions for the

greater loads.

For the tyre offset conditions, the difference between impact temperature for the three-
speed conditions considered varies as tyre loading is increased. As tyre speed increases, the

data differs from 1.85°C for 20km/h to 0.4°C at 40km/h and 3.6°C at 60km/h.

The data shows that the two measuring devices adopted generated different temperature
results. This was a conflict in the method due to the two different measurement principles.
It is considered that airflow around the tyre at higher speeds had a greater effect on
temperature measurement by increasing airflow around the tyre, therefore, dispersing the
air, creating lower impact temperature for the Texsense INF measurement device. This is
likely a weakness in the method. In reality, the temperature difference is likely to be greater
due to wind conditions and, therefore, greater airflow disturbing the temperature reading.

In this context, the Micro-Epilson thermoIMAGER likely generates sound data.

10.5.2 Load Vs Impact Temperature
A range of tyre loading conditions is considered from 0.19kN to 1.55kN. The recommended
tyre loading for a standard ASTM friction measuring tyre is 0.19kN. The influence of tyre

loading is considered for three-speed conditions.
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Figure 10.18. Influence of Load on Tyre Impact Temperature based on Texsense INF
(V/T) method of measurement for a smooth surface coarse sand paper

surface texture and a 4 degree tyre offset at speed 20 km/h..
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Figure 10.19. Influence of Load on Tyre Impact Temperature based on Texsense INF
(V/T) method of measurement for a smooth surface coarse sand paper

surface texture and a 4 degree tyre offset at speed 40 km/h..
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Figure 10.20. Influence of Load on Tyre Impact Temperature based on Texsense INF
(V/T) method of measurement for a smooth surface coarse sand paper

surface texture and a 4 degree tyre offset at speed 60 km/h..

Figures 10.18 to 10.20 illustrates the influence of load on tyre impact temperature. The
temperature considered is the change in temperature (A) for the Texsense measurement
device. For the smooth ULTRA surface, the incremental addition ofload has no notable effect
on impact temperature. The impact temperature remains stable within a margin of 0.25°C
for the speed condition of 20km/h, within a margin of 0.93°C for 40km/h and 1.09°C for
60km/h. This slight increase suggests that impact temperature may fluctuate within a

greater margin as speed conditions increase.

The introduction of texture in the form of coarse sandpaper results in a greater impact
temperature. For 20km/h, this averages at 2.56°C with a range of plus-minus
0.37°C amongst the loading conditions to an average of 6.11°C plus-minus 0.46°C amongst
the loading conditions and an average of 9.65°C plus-minus 0.67 for the loading conditions
considered. For the three-speed conditions 20km/h, 40km/h, and 60km/h, the general
relationship identified for the CSP data shows that impact temperature decreases with
increasing load; however, for 60km/h, it is notable that impact temperature fluctuates at

0.33KkN.

Tyre offset of 4° shows no consistent relationship with the variables considered. The initial

impact temperature for a CSP surface was 2.8°Cat 0.19kN and decreased to 2.3°C at 0.33kN,
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and then increased to 2.7°C at 0.43KkN for 20km/h. The deviation of the data occurs within
a margin of 0.5°C with no notable relationship amongst the variables. For 40km/h, impact
temperature for tyre offset decreases with increasing load from 6.2°C at 0.19kN to 5.3kN at
0.43kN. For 60km/h, the opposite occurs from 20km/h where impact temperatures initially
at 7.3°C for 0.19KkN increases to 9.6°C at 0.33kN and decreases to 7.6°C.

The difference in impact temperature between the smooth and coarse sandpaper is much

greater for the greater speed conditions.
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Figure 10.21. Influence of Load on Tyre Impact Temperature based on Micro-Epilson
thermoIMAGER 400 method of measurement for a smooth surface coarse

sand paper surface texture and a 4 degree tyre offset at speed 20 km/h..
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Figures 10.21 to 10.23 illustrates the influence of load on tyre impact temperature. The
temperature considered is the change in temperature (A) for the thermolMAGER
measurement device. For the smooth ULTRA surface, the incremental addition of load for
20km/h causes a reduction in impact temperature from 6.13°C to 3.13°C. For the greater
speed conditions 40km/h and 60km/h, the addition of load causes a fluctuation in impact
temperature with no notable relationship; however, considering the margin within the data
fluctuates, it could be argued, similarly to the Texsense measurement data that impact
temperature remains stable amongst the loading conditions considered, 40km/h data

occurs within a margin on 7.3°C, and 60km/h occurs within a margin of 3.57°C.

The introduction of texture in the form of coarse sand paper results in a greater impact
temperature. For 20km/h, this averages at 10.38°C with a range of plus-minus
1.8°C amongst the loading conditions to an average of 21.48°C plus-minus 1.55°C amongst
the loading conditions and an average of 28.81°C plus-minus 2.15°C for the loading
conditions considered. For the three-speed conditions 20km/h, 40km/h, and 60km/h, the
general relationship identified for the CSP data shows that impact temperature decreases

with increasing load.

Tyre offset of 4° shows fluctuations in the impact temperature data. For 20km/h, an
increase in loading causes impact temperature to decrease from 9.75°C at 0.19kN to 7.9°C
at 0.43kN. For 40km/h, an increase in loading causes a marginal increase in impact

temperature from 17.4 °C at 0.19kN to 17.75 at 0.43kN; this could be argued almost no
increase. For the 60km/h, the data fluctuates between 20.4°C at 0.33kN to 24°C at 0.19KkN.

Similarly identified for the Texsense measurement device, the difference in impact
temperature between the smooth and coarse sandpaper for the thermoIMAGER is much
greater for the greater speed conditions. The scale of temperature measurement between
both devices is notably different. The Texsense device generates lower temperature values
than that of the thermoIMAGER this is due to the different principles of temperature

measurement.
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10.6 Surface Texture
A total of four surface textures were considered in this investigation. The smooth metal

ULTRA surface and three sandpapers of increasing grit size.
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Figure 10.24. Influence of Speed on impact temperature with respect to differing surface

texture for the Texsense INF (V/T) method of measurement.

Figure 10.24 represents the influence of Speed on tyre impact temperature with four
surface textures considered for the Texsense INF (V/T) measurement method. The
sandpaper surfaces have all the same loading conditions, with the smooth surface having a
greater loading of 0.10kN. It is fair to suggest that the sandpaper texture significantly
increases tyre impact temperature for each speed condition. At each speed condition,
impact temperatures amongst the three sandpaper surfaces are similar. Therefore, it is
difficult to suggest which amongst the three contributes to the greatest impact temperature.
However, it is reasonable to suggest that sandpaper produces a greater impact temperature

than a smooth metal surface.

The difference in scale at which impact temperature increases for all three sandpaper
surfaces can be considered negligible, further supporting the argument above that sand

paper significantly increases impact temperature
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Figure 10.25. Influence of sandpaper grit size on tyre impact temperature based on

Texsense INF (V/T) method of measurement.
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Figure 10.25 represents the influence of incremental sandpaper grit size on tyre impact
temperature. The increase in grit size has no notable effect on tyre impact temperature for
the three-speed conditions. All impact temperatures for each speed condition occur within
a very small margin; it is, therefore, reasonable to suggest that impact temperature remains

stable amongst the grist sizes considered for each speed condition.
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Figure 10.26. Influence of Speed on impact temperature with respect to differing surface

texture for the thermoIMAGER 400 method of measurement.

Figure 10.26 represents the influence of Speed on tyre impact temperature with four
surface textures considered for the thermoIMAGER 400 methods of measurement. The
sandpaper surfaces have all the same loading conditions, with the smooth surface having a
greater loading of 0.10kN. Similar to the Texsense data, it is fair to suggest that the
sandpaper surface significantly increases tyre impact temperature for each speed condition.
Similar to the Texsense device, the impact temperature at each speed condition for the
sandpaper surface is similar, and it is difficult to determine which contributes greatest to

impact temperature.

205



The difference in scale at which impact temperature increases for all three sandpaper
surfaces is also similar to the Texsense device, and therefore this further supports the

argument above.
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Figure 10.27. Influence of sandpaper grit size on tyre impact temperature based on

thermoIMAGER 400 method of measurement.

Figure 10.27 represents the influence of incremental sandpaper grit size on tyre impact
temperature. Unlike previously considered, the increase in grit size has a reasonable
influence for the smaller speed conditions 20km/h and 40km/h. It is fair to suggest that for
the higher speed condition of 60km/h, there is no notable increase in impact temperature

and remains stable across the three grit sizes.
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10.7 Tyre Off Set
Tyre off set was considered at approximately 4° off set from the regular longitudinal

interaction (0°)
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Figure 10.28. Influence of Speed on Tyre Impact Temperature based on Texsense INF
(V/T) method of measurement comparing the regular direction of travel of

the tyre and a 4 ° offset.

Figure 10.28 details the influence of Speed on Tyre Impact Temperature based on the
Texsense device. The data collected details that for the lower loading conditions 0.19kN,
there is next to no difference in impact temperature amongst that standard interacting angle
and an offset of 4°. For the lower speed conditions, 20km/h generated an impact
temperature in the region of 2.78°C and 40km/h generating an impact temperature of
6.27°C. The data shows a difference at the greater speed of 60km/h, where for the tyre
offset, impact temperature decreases from 9.82°C for the standard interacting angle to

7.26°C.

Forthe greatestload condition considered 0.43KkN for the sandpaper surface, there is a small
difference in impact temperature between the standard interacting angle and the 4° offset.
This difference becomes greater as the speed conditions increase. Initially, at 20km/h, the

tyre offset achieves an impact temperature above that of the standard angle of 2.74°C; as
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speed increases, the standard angle dominates impact temperature. The difference in
impact temperature between the standard and an offset of 4° increased by 0.61°C at

40km/h and 1.59°C at 60km/h.

12.00
10.00 ® e

— °
&
< 8.00
g A A
= ® 60km/h CSP
T 6.00
g A 60km /h CSP 0S
E) 4.00 20km /h CSP
< 20km/h CSP 0S

2.00

0.00

0 0.1 0.2 0.3 0.4 0.5

Load (kN)

Figure 10.29. Influence of Load on Tyre Impact Temperature based on Texsense INF
(V/T) method of measurement comparing the regular direction of travel of

the tyre and a 4° offset.

Figure 10.29 details the influence of Load on Tyre Impact Temperature for the Texsense
device. The lowest speed condition of 20km/h impact temperature for both standard
operating angle and tyre offset of 4° remains stable across the loading conditions
considered in the region of 2.28°C and 2.79°C. For the greatest speed condition of 60km/h,
the impact temperature for the tyre offset is lower than that of the standard angle for all
loading conditions considered. The tyre offset impact temperature fluctuates for loading;

however, the standard angle remains relatively stable.
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Figure 10.30 shows the influence of Speed on Tyre Impact Temperature for the

thermoIMAGER device. For the lowest speed condition of 20km/h and lowest loading

condition of 0.19kN, both the standard and the offset of 4° is similar in the region of 9.9°C.

As speed increases to 40km/h and 60km/h, the difference amongst the loading conditions

becomes apparent with the tyre offset achieving an impact temperature of less than the

standard this is in the region of a difference of 5.10°C for 40km/h and 5.70 for 60km /h.

For the highest speed conditions of 60km/h, the standard angle achieves the greatest

impact temperature across the three-speed conditions considered. The difference in impact

between the standard and offset varies from 4°C at 20km/h, 3.25°C at 40km/h and 5.7°C at

60km/h.
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Figure 10.31. Influence of Load on Tyre Impact Temperature based on Micro-Epilson
thermoIMAGER 400 method of measurement comparing the regular

direction of travel of the tyre and a 4 ° offset.

Figure 10.31 details the influence of load on Tyre Impact temperature for the
thermoIMAGER device. For the lower speed conditions of 20km/h, impact temperature for
both the standard and tyre offset remains similar for 0.19kN and 0.33kN. As loading
continues to increase, the data separates with the tyre offset achieving a lower impact
temperature. It could be viewed that as tyre loading increases, the data diverges with the
standard operating angle increasing in tyre impact temperature and tyre offset decreasing

in tyre impact temperature for increased loading.

The tyre offset data fluctuates across the loading conditions considered for the higher speed
condition of 60km/h. The offset data is lower than that of the standard data. The standard
interacting angle details a consistent impact temperature across the loading conditions

considered achieving a temperature in the region of 29.4°C.
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10.8 Tyre Impact Temperature Overview Summary

e Speed conditions have a significant effect on tyre impact temperature; as speed,
increases impact temperature increases.

e Surface texture conditions influence impact temperature; transition from smooth
ULTRA surface to coarse sandpaper causes an increase in impact temperature.

e For a smooth surface loading conditions cause an initial impact temperature;
however, variation in loading has no notable effect on impact temperature; impact
temperature remains stable.

e The measurement method influenced the data collected with particular regard to
concluding the relationship between load and impact temperature. The influence of
load on tyre impact temperature for a textured surface remains inconclusive.

o Tyre offset generates a lower impact temperature for a textured surface than a

smooth surface at greater loading conditions.
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CHAPTER 11.

DISCUSSION
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11.1 Introduction
This thesis aimed to consider the tyre/runway surface. The research focused on a series of
laboratory based investigations. This discussion addresses the six objectives listed in

Chapter 1.

11.2 Critical review of literature to establish gaps in knowledge

Chapter 2 reviewed literature relating to the tyre/surface interface. This found that an
asphalt surface is a complex 3D surface spanning various texture wavelengths, therefore,
justifying simplifying the surface texture to an idealised surface to understand the
interaction at the tyre/surface interface. The introduction ofartificial texture, in the form of
grooves, further complicates the surface, therefore utilising an idealised surface will

facilitate a better understanding of the interaction at the interface.

Data relating to interface pressure was generally dated and limited to dated technology of
strain gauge pins limiting the spatial resolution of the collected data and therefore the
quantity and by consequence the quality of data. Pressure mapping utilised by Conville

(2010), Millar et al., 2011. Friel (2013), and Woodward et al. (2016) enabled real time

collection of pressure interface data utilising pressure mapping technology.

The use of artificial texture in the form of asphalt grooving is widely appreciated to facilitate
tyre pavement interaction during wet weather conditions. Grooving provides a path of
escape for the bulk removal of surface water. Grooving is considered so effective that it has

been claimed that in the presence of water, worn aircraft tyres experience better braking

on grooved pavements than newly treaded tyres on non-grooved pavement.

[t has been appreciated that trapezoidal-shaped grooving offers improved benefits from the
standard square grooving. However, there islimited data to support this. Little research has
considered the effect of other groove dimensions on skid resistance. Chu and Fwa, (2019)
evaluated the effect of different grooving parameter dimensions. However, their approach
is questionable as they drew an analysis by directly comparing three surfaces of different

material composition and texture characteristics.

Studies relating to the skid resistance or the frictional value of grooved asphalt draws
analysis based on the initial skid resistance before trafficking. Woodward etal. (2016) found
after 800 wheel passes, skid resistance of SMA increased up to 8000 wheel passes, albeit for
an ungrooved surface; this demonstrates the need to appreciate that initial values may not

be representative of the potential frictional values.
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A review of the British Pendulum test found that the pendulum exhibits erratic behaviour
for course textured surfaces. However, the device is continued to be used. There is no
research which has considered the interface between the pendulum and the surface under
consideration. It is considered that the pendulum device is continued to be used as there is
no other suitable alternative. The adaption to the method stated in BS EN 13036 for the
grooved surface is ambiguous. Despite this, published literature suggests the method has
not been considered in its entirety as research utilising the British pendulum for grooved

surfaces omits reference to the method adaption.

Rubber is deposited on the runway touchdown area when an aircraft tyre makes contact
with the pavement surface. The stationary tyre is required to match the horizontal landing
speed of the aircraft almost instantly. This result in tyre slippage at the interface, which
generates extreme flash temperatures. This is often characterised by a puff of smoke when
the tyres make contact with the pavement. The flash temperature ofthe tyre atthe interface
and the texture of the surface result in rubber deposition. Studies have focused on removing

rubber deposition and, to an extent, have neglected the theory of rubber deposition.

Alroqi et al. (2017) aimed to eliminate the puff of smoke by pre-spinning the tyre of the
aircraft, so there was less difference between the horizontal landing speed and the
tangential velocity of the tyre radius and therefore reduce the flash temperature. The study
did not consider the influence of various parameters which would contribute to this flash

temperature.

11.3 Design suitable test methods to address knowledge gaps

The literature review identified there is no method used to determine the durability of
Grooved Marshall Asphalt (GMA). A new method for assessing the wear and performance of
GMA has been developed and is outlined in Appendix E. The RTM shown in Figure 3.1
simulates low speed high stress conditions has been used to simulate aircraft movements
and subject test specimens to wear. Roller compacted slabs have been used to demonstrate
how different groove dimensions cut into their surface can resist simulated trafficking.
Subjecting test specimens to simulated trafficking enabled the comparison of the

performance of the various grooved specimens.

The surface of the grooves were investigated using the British Pendulum, XSENSOR
pressure pad and photogrammetry. The surface was investigated at each simulated

trafficking interval. The British Pendulum was used to consider how the skid resistance of
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the grooves changes with simulated trafficking, the XSENSOR pressure pad was used to
consider how the interface pressure between the test tyre and the grooved specimen
evolved with simulated trafficking and photogrammetry was used to generate a 3D model

for analysis in Digital Surf MountainsMaps analysis software.

The new method developed has demonstrated it can determine the durability of GMA for
example, in chapter 7, the British Pendulum has shown that GMA with smaller rib width /
groove spacing ratio generates the greatest skid resistance. Similarly, pressure mapping, in
chapter 6, has shown that smaller rib width / groove spacing ratio generates the highest
interface pressures between the tyre and the rib. Whilst the lower rib width / groove
spacing ratio generates favourable skid resistance results the higher interface pressure
would draw caution as higher interface pressure would suggest greater stress on the rib. 3D
modelling prior trafficking has shown the cross-sectional profile of the groove. The cross
sectional profile is shown in Figure 8.3 and Figure 8.7 demonstrates the greatest loss in

depth to be that of the lower rib width / groove spacing ratio.

GMA subject to simulated trafficking has shown that lower rib width / groove spacing ratio
wears / breakdown the fastest and therefore has a very short life expectancy compared to
the other test specimens considered. This is demonstrated in Figure 8.5 and 8.7, the inability
to perform pendulum testing due to groove breakdown and the significant interface
pressure developed from simulated trafficking. Therefore, the data has shown that smaller

rib width / groove spacing ratio are less durable than those larger groove ratios.

The literature review further identified there is no method to consider the deposition of
rubber on the touchdown zone of a runway. The literature review identified that the
temperature of the tyre upon impact contributed to the deposition of rubber on the
touchdown zone. The ULTRA was used to investigate the different parameters which
contribute to tyre temperature upon touchdown on the runway. This new method whilst
operating within the limitations of a laboratory environment, offers the ability to improve

simulated models and or verify data outputs from these.

The new method developed utilising the ULTRA simulated the same scenarios to that of a
landing aircraft but within the constraints ofa laboratory environment. Speed, load, surface
texture and tyre off set angles were considered. The found data demonstrated that speed
was the most significant contributor to tyre impact temperature. However, it is noted that
different temperature measurement devices whilst agreed with each other in temperature

relationship, the scale within the data differed, for example, see Figure 9.12 and 9.15. The
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Texsense measurement device shows temperature values much lower than that of the

MciroEpsilon device.

This was a conflict in the method due the two different principles of measurement. It was
concluded that airflow around the tyre at higher speeds had a greater effect on temperature
measurement by increasing airflow around the tyre therefore dispersing the air, creating

lower impact temperature.

11.4 Analyse the experimental outputs of test methods in respect of the
friction tyre/runway surface interface

The surface interface was evaluated using the XSENSOR Pressure pad shown in Figure 3.0.

The method adopted was used to show development from a simple smooth glass surface to

an idealised grooved to a complex GMA surface. The method developed has shown that the

UTRSI method was able to quantify the friction tyre/surface interface for each of the test

surfaces.

The interface between the smooth glass surface has demonstrated that the greatest
interface pressure is centralized within the contact patch with interface pressure
dissipating / reducing towards the periphery of the contact patch. This is shown in Figure
5.0 and 5.2. This pressure relationship was found to be consistent with both static and
dynamic tyre conditions. The average pressure and maximum pressure generated was in
the region of 23PSI and 35/36PSI respectively. Comparison of the contact patch had found
contact area for the dynamic conditions had decreased by 12%. This was due to the flexing

of the tyre.

The interface pressure changed when the idealized grooved surface was introduced. It was
found that the tyre envelopes into the grooves of the grooved surface. The greatest interface
pressure was concentrated at the leading and trailing edges of the rib when comparing the
influence of an increasing rib width of 32 mm, 19 mm and 10 mm using a consistent 6mm
groove width, the data in Figure 5.6. The data has shown that this interface pressure
dissipates to its lowest in the center of the width. As the rib width decreased, this interface
pressure broadly decreased at the leading and trailing edge. However, the interface

pressure in the center was greater than that of the larger rib width.

Comparing the influence of an increasing groove width of 3mm, 6mm and 12Zmm using a
consistent rib width of 32mm the data in Figure 5.7 has shown that the greatest interface

pressure occurred at the leading and trailing edge of the largest groove width. This
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decreased consistently as the groove width decreased. It was also found that whilst the
largest groove width had the greatest interface pressure at the edges, it also had the lowest
interface pressure in the centre of the rib. This lower interface pressure in the centre of the

rib increased as the groove width decreased.

Utilising the above information, the data assists with an understanding of the ‘simple’
relationships between a friction tyre and idealised surfaces. Introducing Grooved Marshal
Asphalt (GMA) and simulated trafficking introduces complexities within the data. However,

the relationships found for the idealised surface assisted in analysing the complex surfaces.

It was found there is variation in interface pressure across the length and width of the rib
of the GMA surface. For example this is demonstrated in Figure 6.6. It was found there is no
two GMA ribs the same and this varies. It was found the same relationship exists as
identified for the smooth surface; the leading and trailing edges pertain the greatest
interface pressure, however, this pressure relationship changes when subjected to
simulated trafficking. It was found when subjected to simulated trafficking, the pressure
recedes from the leading and trailing edges towards the centre of the ribs (due to increasing

tyre enveloping.) This is demonstrated by comparing Table 6.0 and 6.1.

The cumulative frequency data has shown that when subjected to simulated trafficking the
frequency oflower interface pressure increases as well as the frequency of higher interface
pressures as shown comparing Figure 6.21 and 6.23. The data collected has identified larger
groove ratios’ pertaining the narrow rib width were less durable and generated higher
interface pressures, similarly the smaller groove ratio’s pertaining the narrow groove width
was identical to the non-grooved control test specimens. This contribution to knowledge
suggests interface pressure are groove dimension specific. To generalise that found
relationship within the data would suggest greater enveloping leads to greater interface
pressures which results in groove breakdown therefore making the asphalt ribs less

durable.

11.5 Evaluate the significance of interface pressure and groove parameters to

the tyre /runway surface interface.

The research has demonstrated groove parameters influence how the tyre interacts with
the surface. The research has shown that rib width and groove width influence how the tyre

interact with the surface. It is noted groove depth would also influence this interaction
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however it was not the focus of this research. The research demonstrated groove width
influences the depth of enveloping into the groove whilst rib width influences the amount
of deflection at the contact patch of the tyre. It has been demonstrated that greater
enveloping leads to greater interface pressure on the edges of the rib and therefore greater
stress. It has also been demonstrated smaller ribs create a smaller surface area therefore
greater deflection at the tyre contact patch generating greater interface pressures. It is
appreciated that both groove and rib do not work individually, rather both work
simultaneously to influence this interaction as the contact patch spans over various grooves

and ribs.

The research has found that smaller groove ratios contribute to higher pressures on the rib.
These higher pressures evidently led to premature breakdown of the ribs when subjected
to simulated trafficking therefore the performance was short lived. On the other hand, the
larger groove ratio generated not as high interface pressure on the ribs. They performed
reasonably well when subjected to simulated trafficking. However, it was apparent the
largest rib width / groove spacing ratio was identical to that of the non-grooved control test
specimen. It is reasonable to conclude that there is balance to be found when considering

grooving dependent on long-term purpose of grooving.

11.6 Evaluate the skid resistance performance of different groove
dimensions.

The skid resistance of GMA was measured using the British Pendulum. Various grooves of

different widths were sawn into Marshall Asphalt test specimens. A rib width / groove

spacing ratio was determined for each test specimen was assigned to assign a numerical

value to each. The test specimens’ references and their determined rib width / groove

spacing ratio is shown in Table 4.5.

Test specimens were trafficked using the RTM. A non-grooved specimen acted as a control

from which a comparison could be made.

Wet and dry friction were considered. As wet friction is the worst case condition this will
be the focus ofthis discussion. The data demonstrated all grooved test specimens generated
superior pendulum values than that of the control as shown in Figure 7.5 and 7.7, apart from
MAF /rib width/ groove spacing ratio 0.88 which generated almost identical data to that of
the control MAK / groove ratio 1.00. Such similarities suggest that the small groove of 3mm

does not contribute to the skid resistance. This is likely due to the inability of the pendulum
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slider to interface the wall of the rib whereas in the case of a tyre the narrow groove inhibits

the flexibility of the tyre to envelope the groove.

The data demonstrated in Figure 7.8 shows that grooving contributes up to 26 PTV points
when measured at 90 degrees and up to 48 PTV points when measured at 80 degrees for
wet skid resistance than that of the ungrooved control test specimen - MAK. This significant
increase demonstrates there is greater interaction between the pendulum and the grooved
surfaces. The data shows the greatest increase to be from the groove dimensions with
smallest rib width and largest groove width - MAA. These dimensions facilitate the
pendulum slider interfacing the wall of the groove and instantaneously impacting the wall
of the rib. Therefore, it is important to consider the data cautiously as this interaction may

give rise to mis-leading values.

The data shows those dimensions MAA / rib width / groove spacing ratio 0.55 that
contribute to the greatest skid resistance, decline rapidly relative to the other dimensions
considered. These same dimensions also could only be pendulum tested up to 6000 wheel
passes as the breakdown of the grooved surface prevent the standard swing length being
achieved to determine the skid resistance of the surface. The data demonstrates that the
lower groove ratio contributes to higher skid resistance and this is consistent up to 75,000
wheel passes. The data up to 75,000 wheel passes shows that as groove ratio increases PTV

data across the wheel passes also decreases.

The data collected during this investigation was considered with the information identified
in the literature the review that the British Pendulum exhibits erratic and unreliable
behavior for grooved surfaces. Itis considered that the method has not be read in its entirety
i.e., the method is only applied selectively and the ambiguity identified in sub section 2.7.1
has been in place to mitigate the erratic behavior of the pendulum. It can be observed in
Figures 9.3 - 9.4 when the pendulum interfaces a groove surface it bounces across the
surface and therefore the contact between the pendulum and grooved asphalt is much less
than previously thought. It is demonstrated that rotating the grooved test specimen that the
bouncing of the pendulum is reduced and there is greater contact as shown by the removal
of pink paint. This simple experiment demonstrated the bouncing theory but also led the
conclusion that pendulum values for grooved surfaces are being determined from contact

area much less than the apparent contact area.
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11.7 Evaluate the contribution of 3D modelling to the friction tyre/runway

surface interface
3D modelling was used to assess the surface at each simulated trafficking interval. 3D
modelling facilitated the collection of point cloud data for importation into the analysis
software for consideration. In this case volumetric data was considered as well as height
data. 3D modelling enabled quantification of volume of material in the peaks of the surface.
These peaks, as identified in the sub section 8.3 were considered to be related to the micro
texture of the MA. The parameter was compared against the change on skid resistance of
the surface shown in Figures 8.9, 8.11, 8.12, and 8.13. It was found that the use of Vmp is
more critical in the earlier stages of trafficking as the surface is generally not extensively
influenced by degradation or wear and that the use of Vmp at higher wheel passes may not
be appropriate as the loss of aggregate or material may give rise to misleading data.
Therefore 3D modelling has highlighted the vulnerability on the reliance of single

parameters in isolation.

Step height analysis shown in sub section 8.2 has concluded there is areduction in height of
the asphalt rib when subjected to simulated trafficking. It has demonstrated through the
cross sectional profile the width of the asphalt rib remains consistent as shown in Figure
8.4. Figure 8.5 has demonstrated the smaller groove ratio sustained greatest rib depth loss.
This is not surprising given the smaller groove ratio generated higher interface pressures

between the rib and friction tyre.

The process of 3D modelling demonstrated a weakness within the method. For the grooved
surface, light penetration into the groove was a limiting factor when 3D modelling. This was
evident in the cross-sectional profiles extracted from the 3D model as they were shown to
be V-shaped at the bottom of the grooves when they were a U-shape, as shown in Figure 8.1.
This demonstrated difficulty in recovering data at depth within the groove. It was found that
the greater the groove depth, the greater difficulty capturing the data at the bottom of the

groove due to less light and more phenomena would have occurred.

Draw conclusions and make recommendations for further research.
Groove dimensions significantly influence the interaction between the friction tyre and test
surface. A new test method for assessing the wear and performance of GMA has been
developed. The research has shown that the performance of grooves is related to the rib /
groove ratio. The performance of grooves can be improved by determining the optimum

angle at which a tyre interacts with the grooved surface. The research has found that speed
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conditions ofalanding aircraft significantly contribute to impact temperature and therefore

contribute to rubber deposition on the runway surface during landing.

[t is recommended the data found in this thesis is validated through field research and the

hypothesis of rotation angle is considered for further work.
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CONCLUSIONS
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12.1 Introduction

The research presented in this thesis considered the tyre/runway surface interface within
the context of laboratory investigation. It has addressed knowledge gaps identified in
Chapter 2 and has contributed to knowledge therefore. This chapter presents the

conclusions ofthe research by addressing the Research Questions presented in Chapter 1.5.

12.2 Conclusion

The research highlighted the volume evacuation capability of differing rib width/groove
spacing ratio combinations. The research presented a series of ‘look up’ tables from a
rib/groove calculator. The data presented showed that for 1m2 of grooved runway, the
number of grooves decreased as the rib width/groove spacing ratio increased. The data
demonstrated the relationship between rib width, groove width and groove depth and how
they impact the ability of a grooved surface to accommodate water. In practice, the data can
be used the determine the appropriate combination of rib width/groove spacing ratio

dependent upon the local climatic conditions upon which the groove surface is required.

The research found that, in practice, only a small number of rib/groove dimensions are used
at airports around the world. The two considered were the FAA’s 32mm x 6mm x 6mm at
38mm centre-to-centre spacing and the CAA’s 19mm x 6mm X 6mm at 25mm centre-to-
centre spacing. Analysis of the dimensions demonstrated that the CAA had a greater number
of grooves per metre, therefore, a greater volume of grooves per square meter. However,
the data demonstrated that the FAA dimensions had a greater area of ribs per square meter
than the CAA. The ribs are the area the aircraft tyre will be in contact with; therefore, a
greater contact area generates greater friction capability. This demonstrates the balance to

be struck between water removal capability to improve tyre pavement interaction and the

need for maximum contact area at the interface for friction/skid resistance.

The UTRSI method demonstrated the interface between the friction tyre and the idealised
surface. The data showed the influence ofrib width and groove width on interface pressure.
The research found that rib width influences the interface pressure across the width of the
rib. It was determined that rib width relates to deflection at the tyre interface due to contact
area, smaller contact area, greater deflection, and therefore higher interface pressure.
Similarly, it was found that groove width influences interface pressure. A greater groove
width resulted in greater enveloping of the tyre into the groove and, therefore, greater
stress on the edges of the groove, resulting in greater interface pressures. It was found that
a smaller groove width did not affect interface pressures; therefore, there was likely little

to no deflection of the tyre into the groove.
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Grooving contributes positively to skid resistance. The data has shown that skid resistance
decreases when subjected to simulated trafficking. The research found that different groove
combinations contribute differently to skid resistance. The data has shown that those
groove dimensions of a smaller rib width/groove spacing ratio contribute greater to skid
resistance. However, there is a balance to be found as those test specimens also broke down
/ wore the quickest. The data also demonstrated that measuring the skid resistance of GMA
at 80 degrees generated higher skid resistance values than the standard / typical 90

degrees.

3D analysis of the GMA test specimens found that the width of the rib remains stable when
subjected to simulated trafficking. However, the height of the rib decreases. It was found
that the smaller rib width/groove spacing ratio experienced the greatest height loss. It was
found that Vmp can assist in the explanation of the change in pendulum values of the GMA
with simulated trafficking. It was determined that Vmp is more critical in the earlier stages
of trafficking as the surface is generally not extensively influenced by degradation or wear,
whereas at higher wheel passes may not be appropriate asthe loss of aggregate or material

may give rise to misleading data as the reference line from which Vmp is determined will

be affected by the loss of aggregate.

Through the application of pink paint, it was found that the British Pendulum bounces
across the groove test specimen when tested at an angle of 0 degrees. This bouncing was
mitigated when rotating the grooved surface to 12 degrees. It was found that pendulum
values were derived from 57% less contact area when measured at 0 degrees as compared

to 12 degrees.

The research considered tyre impact temperature to contribute to rubber deposition on the
runway surface. The research has identified that tyre speed conditions have a significant
effect / contribution to tyre impact temperature. It was found that greater tyre speed
resulted in higher impact temperatures. Similarly, it was found that a greater textured
surface contributed to higher impact temperatures. Although it was found that impact
temperature conditions remained stable when subjected to differing loading conditions.

Finally, the method of measurement influenced the temperature data collected.
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Replies to questions raised in sub section 1.4;

12.3 Can the durability of Grooved Marshall Asphalt (GMA) be predicted?

Yes. The research has developed a range of new methods to predict the wear of GMA.

e Anew GMA wear test has been developed and is set out in Appendix E.

» The Road Test Machine (RTM) which simulates low speed high stress
conditions has been used to simulate aircraft movements and subject test
specimens to wear.

» Roller compacted asphalt test specimens have been used to demonstrate how
different groove configurations can resist simulated trafficking.

» Groove wear has been evaluated using the standard British Pendulum tester.

e Pressure mapping has been used to better understand the friction tyre / test
specimen interface and how it evolves due to simulated trafficking.2D and 3D

Areal parameters have been used to quantify how the interface changes with time

and 3D modelling.

12.4 Can the friction tyre/runway surface interface be better understood?

Yes. It has been demonstrated that pressure mapping and 3D modelling has contributed to
a better understanding ofthe tyre/runway interface. This evolved from consideration ofthe
interaction between the friction measuring tyre and a smooth surface extending to surfaces
with idealised groove patterns and complex GMA surfaces. The process demonstrates
development within the research from utilising smooth surface extending to complex
surfaces. The research has demonstrated that groove ratio is related to interface contact
pressure. Smaller groove ratios contribute to higher interface pressures. This data
demonstrated the significance ofthis to relate to relate to the pre-mature degradation ofthe

grooved surface through groove breakdown.

12.5 Can evolution of the tyre/surface interface be modelled in laboratory

experiments in three dimensions?
Yes. The research demonstrated an analysis of 3D models generated at different simulated

wheel trafficking intervals.
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Analysis of Areal Parameters from 3D models has shown Volume of Material in the Peaks to
be related to the British Pendulum Values. It was demonstrated the consideration of Vmp is
more critical in the earlier stages of trafficking as the surface is generally not extensively

influenced by degradation or wear.

The data from 3D models also support the conclusion that the width of the rib/groove
remains relatively stable when subject to simulated trafficking but with significant changes
in the height of the ribs and depth of the grooves. The data supports the conclusion that a
smaller rib width / groove spacing ratio equates to a greater loss of rib depth and groove

depth for selected specimens.

12.6 What is the potential impact of the research presented in this thesis to
the design and maintenance of grooved runways?

A new test method for predicting the durability of GMA under laboratory conditions has

been developed. This method integrated into the specification of the Marshall Mix Design

has the potential to not only strengthen the specification for the material but significantly

improve the asphalt material by demonstrating the time at which the asphalt surface

degrades. The versatility of the method makes it adaptable to other asphalt surfaces.

The research has highlighted rib width / groove spacing geometry influences the skid
resistance of the groove surface therefore when specifying a groove dimension the data has
shown there is balance between long term service performance to level of skid resistance
desired. The data demonstrated the sensitivity to degradation of a small rib width / groove

spacing ratio.

The prediction model generated for grooved surfaces was statistically significant with an R?
of greater than 0.7. This suggests the model presented in this thesis has potentially
significant impact to the design and maintenance of runway surfaces. This includes but is

not limited to,

e Identification of the time period when the grooved surface will fall below the
desired frictional level. (0.55 for grip tester)
o Frictional characteristic of alternative grooving dimensions

e Frictional performance of alternative configuration of runway grooves
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12.7 What are the limitations of the research presented in this thesis and the
implications for further work?
The research presented is derived from laboratory experiments. The outputs require

validation by in service measurements which is beyond the scope of this thesis.
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CHAPTER 13.
FUTURE RECOMMENDATIONS

228



The research presented in this thesis has investigated the tyre / runway interface. The

following recommendations for further work are proposed:

e Ambiguity in the BS EN 13036 method should be considered for revision. The found
data should be considered and the method clarified further with use of a diagram.

e The new test method for the Wear of GMA noted in Appendix E should be considered
for integration within Specification 13 - Marshall Asphalt for Airfields specification
or serve as a stand-alone method to assess wear of Grooved Marshall Asphalt.

e The frictional data generated utilising the British Pendulum Method should be
validated / compared with utilising CFME such as the GripTester.

e Alternative grooving configuration should be further explored with CFME.
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32mm Rib Width - Raw Data Preparation - Work flow.

The process for preparing interface pressure is demonstrated in this workflow. The raw data from
the XSENSOR Pressure Pad is prepared in Microsoft Excel. The data is conditionally formatted with

colour thresholding to visually illustrates the pressure difference amongst the data.

5.79 532 4.93 4.77 5.38 4.89 5.46 5.92 6.7 6.43 5.95 5.14 4.14 3.86
7.38 7.22 7.56 6.8 7.75 6.75 7.22 6.9 7.34 7.61 831 7.39 7.01 6.72
7.71 7.97 8.16 7.7 8.63 8.46 8.66 8.85 8.45 8 7.87 7.21 7.44 8.26
9.34 9.6 9.59 9.52 9.94 9.92 9.96 9.67 9.68 9.96 9.35 8.66 8.89 8.54
9.23 9.55 13.49 9.56 9.87 9.93 10.56 10.24 9.52 9.83 9.63 8.87 9.35 9.05
9.2 11.26 9.98 10 20.58 21.06 11.35 19.2 11.98 15.79 116 9.61 9.21 8.73
9.97 2272 2541 14.52 20.41 18.41 17.62 22.22 19.36 25.73 228 9.57 9.37 8.8
15.23 23.31 21.06 12.2 28 18.58 1291 26.66 24.79 20.35 27.07 20.05 9.76 9.21
23.55 25.97 31 30.09 3298 31.07 32.29 33.2 32,51 3195 37 27.6 18.73 9.32
23.39 23.61 30.31 18.36 31.26 23.64 20.29 29.94 25.32 15.2 25.79 10.95 9.47 9.07
9.16 8.52 8.84 8.6 8.88 7.88 8.83 8.98 9.18 9.16 9.21 9.24 8.92 8.78
9.08 8.59 9.15 9.36 9.47 8.88 9.75 9.58 9.85 9.66 16.22 9.71 9.44 8.89
30.53 35.43 33.14 34.55 32.23 33.55 35.52 32.7 30.56 30.59 35.34 27.78 13.38 9.61
14.11 23.84 23.13 22.48 20 21.23 30.56 21.7 27.13 28.65 28.54 22.45 10.55 9.48
15.89 25.65 12.87 213 21.06 213 27 25.76 25.41 26.41 20.99 14.61 9.65 9.23
17.29 2273 14.96 23.79 20.29 10.46 2218 16.17 1891 2292 11.09 12.19 9.79 8.93
9.54 12.38 9.83 20.77 22.6 11.39 24.12 24.47 17.29 17.44 17.59 13.64 9.95 9.18
9.97 24.58 14 22.36 25.76 14.18 20.7 20.7 18.29 23.86 14.18 11.48 9.77 9.02
9.92 22.78 10.61 13.23 18.15 13.23 23.29 21.94 9.71 17.67 15.35 11 13.49 9.37
10 2113 15.19 11.98 25.56 15.65 18.85 27.75 18.6 15.43 20.17 20.41 17.05 9.84
15.95 20.06 18.63 18.01 2171 20.23 26.35 20.35 14.15 24.35 13.61 9.64 15.77 9.36
20 21.61 17.25 16.41 23.61 12.29 22.36 29.41 20.12 23.94 24.29 17 16.77 9.89
12.52 28.39 24.26 22.48 30.53 28.82 26.35 30.31 2212 31.88 24.82 18.46 2497 9.81
21.01 30.13 31.06 28.46 31.03 31.6 26.74 33.94 23.19 3232 29.76 24.88 23.35 9.52
25.23 30.06 30.72 25.68 32.85 29.7 30.75 32.32 28.7 21.76 30.91 18.01 24.68 9.62
8.57 8.4 8.97 8.98 8.93 8.99 8.87 9.28 8.52 8.14 8.59 8.48 8.59 7.66
9.06 8.81 9.04 9.2 9.13 8.86 8.98 9.46 8.75 8.57 9.12 8.58 8.7 8.71
2845 30.34 353 373 33.7 37.3 34.66 37.26 35.32 39.95 32.66 33.66 29.76 10,
20.6 19.4 26.72 30.72 21.01 30.34 27.69 33.26 28.35 32.82 32 22.53 16.21 9.72
25.89 20.66 14.21 20.29 18.27 20.65 239 28.58 20.53 23.07 31.63 23.82 14.89 9.92
14.1 13.73 20.65 26.61 20.59 23.15 271 28.46 27.47 25.29 29.53 18.11 17.8 9.8
14.18 18.13 27.38 24.22 11.19 26.04 29.11 27.04 26.15 242 213 1511 11.73 9.41
11.64 11.7 17.24 20.54 9.85 20.71 2213 2343 28.93 217 20.7 21.88 10.07 9.6/
18.37 21.79 21.48 18.66 18.44 23.07 25.56 20.23 27.75 24.61 23.19 21.77 15.59 9.59
17.93 17.26 20.06 21.48 11.11 17.11 21.66 16.07 23.02 20.83 24.29 14.96 9.82 9.79
15.95 17.93 19.12 21.61 20.12 24.22 23.61 24.97 26,98 23.96 24.5 23.79 10.97 9.82
19.33 23.05 18.09 26.79 19.78 27.38 29.34 27.16 27.1 29.76 25.76 20.59 9.71 9.8
19.26 212 22.14 25.83 13.75 25.12 28.04 29.52 25.27 24.44 27.63 23.19 14.59 9.84
21.75 22.81 32.03 34.75 28.81 3247 30.91 30.31 34.41 33.16 3291 33 19.41 9.88
32.25 35.51 36.54 40.7 31.81 37.69 35.81 3297 37.06 37.78 36.38 29.05 20.12 9.91
8.71 8.7 8.86 9.21 8.84 8.86 9.04 9.24 8.79 8.95 8.87 8.91 8.73 8.06
8.98 9.28 8.78 9.41 9.16 9.19 8.81 9.39 9.7 9.18 8.92 9.38 9 8.52
34.32 41.09 38.28 41.97 36.25 37.89 38.48 36.77 37.95 38.27 35.03 34.31 23.29 9.96
18.55 25.8 26.52 26.46 20.95 28.63 30.56 31.06 34.31 30.88 28.11 26.33 20 9.89
14.2 2145 212 26.11 18.84 26.7 23.65 23.69 31.81 26.61 26.48 23.79 15.51 9.68
15.39 16.59 20.12 23.23 9.91 15.87 20.54 17.75 28.21 24.44 17.22 13.94 18.03 9.49
17.41 9.83 20.78 21.55 15.46 15.25 20.71 21.96 31.65 22.44 24.7 19.13 10.36 9.45
14.89 16.36 19.35 22.09 14.96 25.77 23.33 25.71 25.77 27.57 26.39 16.79 9.8 9.63
18.34 15.14 19.86 18.05 9.97 18.63 15.75 25.87 24.58 21.84 27.14 22.8 12.77 9.89
13.57 20.12 24.49 24.01 12.93 21.25 18.13 30.75 3112 29.46 25.8 28.7 15.58 9.76
17.93 18.36 24.91 22.65 14.6 25.45 18.86 31.25 25 28.45 27.97 23.33 20.89 9.89
19.5 15.18 18.79 24.55 18.79 23.17 19.64 30.93 29.76 25.89 33.96 29.94 21.42 16.69
17.09 2191 26.52 26.11 25.24 28.14 23.41 30 32.83 3112 31 31.87 27.57 10.65
25 22.77 30.75 29.46 21.55 27.42 24.31 27.8 31.78 34.62 33.93 26.92 28.39 13.67
34.28 38.91 36.3 37.55 38.02 39.58 34.62 44.07 43.45 36.77 41.73 39.77 31 24.52
8.73 9.38 9.1 9.19 9.14 9.18 9.18 9.57 9.63 9.36 9.53 9.14 8.72 8.07
9.03 9.32 9.11 8.8 8.96 9.51 9.23 9.49 9.29 8.88 9 8.99 9.09 8.25
30.09 35.69 41.57 41.7 34.46 42.51 37.77 42.82 44.54 45.25 40.54 39.61 36.58 28.82
20.06 30.22 28.98 32.88 25.98 324 29.64 32.71 3243 329 31.87 20.95 25.44 11.16:
17.52 23.11 20.78 26.7 19.79 22.02 19.5 24.61 27.44 28.27 315 30.09 20.95 23.61
17.29 27.05 21.43 19.21 25.45 25.57 20.36 27.62 29.82 28.09 26.25 22.43 21.59 15.14
13 25.66 26.77 20.96 20.12 225 27.97 29.29 27.8 25.44 26.33 17.27 19.5 9.82
9.92 14.64 16.86 10.21 18 27.02 31.41 33.88 31.44 28.82 20.41 19.35 9.87
15.36 2271 22.57 20.24 19.07 28.63 30.43 32.59 32.09 31.56 21.24 20.12 9.83
13.64 17.84 17.57 185 13.88 19.5 31.09 27.38 21.07 3043 14.85 16.16 9.84
13.81 16 253 26.07 17.48 18.92 31.03 30.28 242 31.53 24.44 16.16 14.74
10.07 23.05 20.77 25.41 21.79 25.03 28.64 29.05 27.1 31.06 19.42 13.26 9.98|
13.02 24.85 19.14 26.19 20.54 21.01 30.16 25.23 23.51 34.21 25.56 21.18 17.61
9.83 28.2 25.36 32.57 26.79 21.25 36.34 31.94 30.91 36.72 29.05 27.1 13.55‘
2491 37.96 39.73 38.07 37.45 37.45 38.92 44.3 39.75 41 43.28 38.31 34.63 21.35
8.77 873 8.87 8.87 8.82 8.72 8.8 8.67 8.89 8.82 8.76 8.73 8.92 8.95
9.08 9.3 8.77 8.96 8.85 8.94 9.14 9.05 8.98 8.94 8.95 9 9.04 8.93
30.94 35.58 34.64 3817 36.26 33.13 33.75 40.83 37.82 40.34 39.38 31.47 34.66 24.41
17.98 30.31 21.31 26.92 30.47 23.79 30.66 32.82 34.72 3147 34.75 31.66 24.88 14.6
19.85 24.07 24.29 25.12 27.14 22.02 28.04 22.73 29.52 29.17 28.88 21.23 17.44 9.45
20.06 20.59 20.71 20.77 19.93 12.82 22.66 23.49 22,01 27.34 29.82 19.63 2248 9.97
9.99 14.56 21.84 20 25.56 16.74 18.91 24.08 271 255 30.03 16.86 1817 9.84
10.72 20.24 22.26 24.22 29.16 24.34 20.29 25.44 28.41 23 23.7 20.41 16.35 9.83
15.14 20.77 20.47 20.89 18.04 12.84 15.33 21.77 22.07 29.64 28.52 20.7 18.46 9.72
22.5 19.56 23.31 23.37 239 16.64 19.85 26.21 26.92 23.07 284 18.45 19.63 9.71
12.41 2494 23.04 23.63 20.18 11.97 16.13 16.2 18.23 22.23 25.12 17.06 14.48 9.45
10.73 2113 20.77 21.79 18.98 25.21 25.21 27 26.59 26 26.53 23.35 20 10.29
16.64 228 25.91 25.68 21.83 22.01 20.95 25.09 30.28 24.26 3116 23.53 17.06 9.73
19.93 22.19 29.11 25.03 2213 30.72 26.8 315 31.32 23.76 29.29 26.41 25.94 10.81
24.7 32.07 35.37 35.02 35.77 36.03 35.8 40.47 41.06 415 47.68 39.14 35.45 29.41
8.76 8.77 9.29 9.38 9.28 9.3 9.27 9.74 9.61 9.34 9.32 9.16 8.53 8.33
8.57 8.46 8.6 9.19 9.22 9.26 9.21 9.1 9.43 9.41 9.24 9.02 9.13 8.09
24.38 3217 36.09 31.04 34.68 33.23 35.4 41.22 40.22 39.25 40.23 33.35 33.22 26.08
26.09 3217 35.25 26.21 30.19 30 27.75 30.81 321 28.94 33.73 24.23 18.97 15.66
17.28 25.62 26.21 17.72 27.34 30.19 2591 30.56 32.07 34.21 30.91 22.57 27.66 12
12.81 2171 28.16 23.18 27.23 25.41 23.12 27.59 28.94 27.47 30.84 21.58 19.78 15.41
11.54 21.06 19.56 20 18.45 23.7 20.18 21.94 26.7 2223 18.82 12.79 23.94 31.25
9.81 18.23 14.56 16.62 21.54 23.19 28.28 21.41 25.23 28.53 22.98 18.14 9.85 8.88
15.7 23.19 28.06 21.41 24.82 20.88 22.06 27.06 28.06 26.61 24.38 12.96 14.07 9.41
12.22 24.26 13.38 21.12 23 12.59 12.22 21.64 24.76 25.29 28.7 16.44 16.44 9.66
9.86 23.73 18.81 25.23 24.06 21.94 18.44 24.18 24.35 27.06 22.47 21.59 16.07 9.7
18.22 20.65 18.59 25.35 24.7 15.48 19.63 22.29 18.81 23.68 15.7 16.74 17.41 9.29
17.04 24.2 22.07 19.41 2253 21.18 21.53 30.16 34.36 31.94 28.24 29.53 16.52 9.7
22.94 31.26 25.47 24.94 24.94 27.48 32.36 30.72 36.25 33.26 33.63 30.34 22.1 9.39
33 39.27 33.87 41.37 35.38 32.83 39.46 389 383 39.54 38.6 34.67 36.61 22.38
9.02 9.25 891 8.98 8.63 851 85 8.38 8.01 8.54 7.94 8.23 8.2 8.08
9.25 9.16 8 9.46 8.63 8.76 8.56 7.21 9.28 7.83 8.17 7.3 7.2 6.32
14.25 25.18 24.64 30.47 23.94 25.64 26.08 28.24 34.46 31.66 36.31 2849 15.3 9.83
10 27.06 311 31.23 31.13 30.44 28.82 30.41 36 30.59 32.92 28.54 9.96 9.55
9.77 10.75 9.97 23.88 18.13 19.92 25.26 23.57 21.94 14.03 16.49 10 9.3 8.43
8.86 9.29 9.74 9.94 9.84 14.48 11.57 21.17 15.3 10.15 13.95 9.49 8.88 8.19
6.96 8.65 9.07 9.28 9.39 9.65 9.15 9.65 9.95 9.6 9.27 9.07 79 7.99
6.16 7.8 837 8.52 8.47 8.36 833 8.56 8.97 8.71 7.98 7.68 7.29 6.09
4.97 it 5.95 6.63 6.06 6.02 6.74 7.84 7.61 7.06 7.14 4.61 3.94 ikl
2.94 3.63 4.5 4.52 4.54 5.57 6.47 6.04 5.28 443 3.66 3.36 3.18 2.93
2.89 3.7 555] 6.3 5.98 5.46 47 3.82 3.73 3.94 4.61 5.18 5.11 4.69
3.96 5.75 7.39 6.99 6.06 513 4.71 4.03 4.98 6.52 6.55 7.2 7.08 7.82
4.85 6.44 6.9 7.35 7.62 7.31 6.38 6.55 7.06 7.44 6.56 6.38 5.59 5.48

241



The interface data of interest i.e, that of the ribs is highlighted by a boarder around the data
cells. Each rib is assigned a number. The remaining interface pressure outside the ribs is

discarded. The average interface pressure across the width of the rib is calculated.

AVG
29.64

2384 2313 2248 2854 2170
2565 1287 213 20.99 19.80

2273 1496 2379 1655
2077 17.59 15.73

24.58 14 2236 1418 17.06

RIB1 zz.7s-ﬂ 1535 14.98
2113 1519 20.17 17.69
2006 1863 1801 1361 964 17.73

2161 17.25 2429 19.64
2839 2426 24.82 23.98

2693

26550

2845 30.34 3255
206 194 2672 3072 25.10
2589 2066 1421 2029 ! y 2117
141 1373 2065 2661 2059 2315 271 2846 2747 2529 2953 21.60
1418 1813  27.38 z4.zz- 2604 2911 27.04 2615 24.2 213 2037
1724 2054 2071 2213 2343 2893 217 207 17.87

RIB2 1837 2179 2148 1866 1844 2307 2556 2023 2775 2461  23.19 2072
1793 1726 2006 2148 1741 2166 1607 2302 2083 2429 1753
1595 1793 1912 2161 2012 2054
1933 2305 1809 2679 2240
1926 212 2214 2213
2281 3203 28.33

3240

3456

2652 2646 ! . ; 25.58

2145 212 2611 1884 267 2365 2369 3181 2212

i 1659 2012 232300000901 1587 2054 1775 2821 2444 17.91
17410983 2078 2155 1546 1525 2071 2196 3165  22.44 1 18.62
1489 1636 1935 2209 1496 2577 2333 2571 2577 2757 2639 19.89
RIB3 1834 1514 1986 18.05- 1863 1575 2587 2458 2184  27.14 18.62
2012 2449 2401 2125 1813 3075 3112 2946 258 2183
1793 1836 2491 2265 146 2545 1886 3125 25 2845 27.97 b 2211
195 1518 1879 2455 1879 2317 1964 3093 2976 2589 3396  29.94 23.44
17.09 2652 2611 2524 2814 2341 30 3283 3112 31 3187 2596
3075 29.46 33.93 27.03

363 37.18

3871

2898 32.88 31.87 27.69

2078 267 315 23.99

2143 1921 2625 23.38

2677 20.96 ) 2633 2232

2509 1686/ 1021 28.82 2121

RIB 4 2413 2257 3156 2361
2042 1757 19.44

16.29 253 3153 2188

2375 2077 31.06 2203

2341 19.14 3421 2326

3028 2536 36.72 27.14

3694

3558 3464 3817 3626 3313 3375 4083  37.82 35.10

3031 2131 2692 3047 2379 3066 3282 3472 3475 27.60
2407 2429 2512 27.14 2202 2804 2273 2952 2917 2888  21.23 2350
2059 2071 2077 19.93 2266 2349 2201 2734 2982 1963 20.88
1456 2184 20 2556 1674 1891  24.08 271 255 3003 1686 1994
2024 2226 2422 2916 2434 2029 2544 2841 23 237 2041 2131

RIB5 2077 2047 2089 1804 1284 1533 2177 2207 2964 2852 20.7 19.60
1956 2331 2337 239 1664 1985 2621 2692  23.07 284 1845 2154
2494 2304 2363 2018 1197 1613 162 1823 2223 2512 17.06 18.22

2113 2077 2179 1898 2521 2521 27 2659 26 2653 2335 2168

228 2591 2568 2183 2201 2095 3116 2264

2219 2911 2503 2213 30.72 29.29 2535
3207 3537 3502 3577 3603 3639
2438 32.17- 3104 3468 3323 3433
2609 3217 2621 30.19 30 ; 30.81 2894 33.73 2801
1728 2562 2621 1772 2734 3019 2591 3056 3207 3421 3091 2573
2171 2816 2318 2723 2541 2312 2759 2894  27.47 3084 23.80
2106 19.56 20 1845 237 2018 2194 267 2223 1882 20.87

1823 1456 1662 2154 2319 2828 2141 2523 2853 2298 19.09

RIB6 2319 2806 2141 2482 2088 2206  27.06 2806 2661 2438 2133
2426/ 1338 2112 23 2164 2476 2529 28.7 18.69

2373 1881 2523 2406 2194 1844 2418 2435  27.06 2247 2159 2054

1822 2065 1859 2535 247 1548 1963 2229 1881 2368 157 1674 19.04
17.04 242 2207 1941 2253 2118 2153 3016 3436 3194 2824 2953 23.46
2294 3126 2547 2494 2494 2748 3236 3072 3326 3363 3034 2751
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The average interface pressure across the width of each rib is grouped together and the total

average of the averages is calculated.

Pressure Data Average

Rib 1 Rib 2 Rib 3 Rib 4 Rib 5 Rib 6 | pressure
29.64 32.55 34.56 38.71 35.10 34.33 34.15
21.70 25.10 25.58 27.69 27.60 28.01 25.94
19.80 21.17 22.12 23.99 23.50 25.73 22.72
16.55 21.60 17.91 23.38 20.88 23.80 20.69
15.73 20.37 18.62 22.32 19.94 20.87 19.64
17.06 17.87 19.89 21.21 21.31 19.09 19.40
14.98 20.72 18.62 23.61 19.60 21.33 19.81
17.69 17.53 21.83 19.44 21.54 18.69 19.45
17.73 20.54 22.11 21.88 18.22 20.54 20.17
19.64 22.40 23.44 22.03 21.68 19.04 21.37
23.98 22.13 25.96 23.26 22.64 23.46 23.57
26.93 28.33 27.03 27.14 25.35 27.51 27.05
26.50 32.40 37.18 36.94 36.39 36.01 34.24

The same process demonstrated above is repeated for that of the 19mm rib width and

10mm rib width.
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PTV Data for 4 Test Conditions

Simultated Trafficking - Testing condition 1 - PTV 90° Angle - Dry Conditions (Fig.7.0)

0 10 100] 200{ 400/ 800] 1500/ 3000] 6000{10000{20000{30000/50000| 75000
MAA| 107.6] 111.1] 105.8| 114.4| 98.7)102.7| 96.4| 101.6{ 104.6] - - - - -
MAB| 1058| 984| 91.7] 96.8] 89.0] 90.4| 94.2] 884| 944| - - - - -
MAC | 101.5[ 986 938 98.2| 948 913| 98.0| 81.7| 92.2| 938 89.0] 882 93.8| 102.0
MAD | 100.0] 933| 97.3| 93.2| 914| 84.8] 92.0] 82.4| 886] 94.6| 93.6| 93.2| 954| 1046
MAE | 1045 102.3| 914| 87.6] 85.6| 88.6| 89.7| 944| 93.6] 94.2| 908 918 92.8| 958
MAF | 1000/ 89.1] 93.7| 86.0| 92.3| 78.0| 87.0] 82.8] 854| 79.4| 888 77.7] 90.0| 8238
MAH| 99.0/ 949| 955| 85.2| 85.2| 77.2| 85.8| 81.2| 786| 81.6| 90.8] 93.2| 94.0[ 952
MAK| 1034| 960 780 87.8| 85.7| 79.4| 846| 78.6| 850/ 819 97.0/ 813] 96.8] 926
Simultated Trafficking - Testing condition 2 - PTV 80° Angle - Dry Conditions (Fig.7.2)
0 10 100] 200{ 400/ 800] 1500/ 3000] 6000{10000{20000{30000/50000| 75000
MAA | 1303| 136.3| 121.8|114.3|117.5|116.8{100.8] 97.8] 88.8| - - - - -
MAB | 114.5| 132.3| 117.7)119.6|112.6| 102.2) 110.8| 97.8/105.2] - - - - -
MAC| 100.3| 1101 90.3|101.4| 92.5] 95.6] 97.2] 92.5{103.8] 103.0| 105.4| 98.6] 99.2| 102.8
MAD| 988 926 954| 91.8| 94.0] 92.4| 91.2] 858 938 93.2| 99.8| 95.2| 102.4| 107.6
MAE | 106.0/ 102.0{ 93.5| 87.2| 98.6] 952 93.0| 94.2| 94.2| 946 97.8| 917| 97.2| 96.2
MAF | 998 91.8] 947| 846| 87.2| 78.0] 92.8| 81.8] 84.0[ 82.2| 836 79.8| 954| 86.0
MAH| 1068 99.0] 102.6] 86.0{101.0] 94.2| 77.4| 92.6] 90.2| 87.6] 91.2| 92.8]| 89.8] 944
MAK| 102.8] 95.8| 92.2] 87.2| 86.0] 85.6) 782| 814| 85.6| 89.6] 954| 880/ 912 894
Simulated Trafficking - Testing condition 3 - PTV 90° Angle - Wet Conditions (Fig.7.4)
0 10{ 100] 200{ 400/ 800] 1500/ 3000] 6000{10000{20000{30000|50000| 75000
MAA | 954| 9743 79.17| 83.2| 75| 814| 924| 84| 76.6] - - - - -
MAB| 97.2| 96.86] 87.4| 89.2| 77| 824| 794| 746| 722| - - - - -
MAC| 96.6| 86.00] 85.8| 85| 73.8| 74| 744| 734| 722| 714| 648| 664| 668 762
MAD| 822| 81.00] 72.8| 80.6| 644| 64.2| 652| 652| 628 628 814| 686| 67.6] 844
MAE | 91.2| 8871| 732| 65.2| 648 69.6] 69| 70.8| 65.6| 67.8] 624 644| 636 684
MAF | 724| 72.00] 58.67| 60.4| 60.6] 55.6] 59.2] 58.8| 554| 55.8| 59.8| 594| 604| 568
MAH 85| 82.14| 64.8| 632] 64| 61| 624| 604 558 574| 74| 81 61| 62
MAK 71] 73.83] 57.8| 588 60| 56.4| 58.6] 54.6] 55.6] 56| 584| 59.8] 60.4| 60.2
Simualted Trafficking - Testing condition 4 - PTV 80° Angle - Wet Conditions (Fig.7.6)
0 10{ 100] 200{ 400/ 800] 1500/ 3000] 6000{10000{20000{30000|50000| 75000
MAA | 125.00] 126.40| 115.6] 116 112] 111 108 109 97| - - - - -
MAB | 112.25/127.86] 98.67| 94.8] 97.2| 82.2| 948| 78.8| 854| - - - - -
MAC | 89.75] 97.17| 715| 90.7| 80.2| 81| 85.6| 87.4| 84.2| 90.6| 856/ 792 832 81
MAD | 82.00{ 77.25| 70.4| 67.8| 70.8| 684| 67.8| 684| 66| 656 746 738 756 82
MAE | 84.20| 80.29] 71.4| 63.6] 69.2| 70| 66.8] 65| 61.2| 658/ 71| 686 71| 70
MAF | 75.60| 74.57 60| 604| 61.8| 59.4| 594| 60.2| 57.2| 588| 61| 612 618 586
MAH | 84.20| 79.50] 72.8] 69| 786| 72| 72| 732| 682] 662 706 71 69| 688
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PTV Data for the difference between un-grooved control and grooved test specimens

for wet and dry conditions.

Difference between un-grooved control and grooved test

specimens for wet conditions (Figure 7.8)

Original Data Difference

90 Wet 80 Wet 90 Wet 80 Wet
MAF 72.4 75.6 1.4 -1
MAD 82.2 82 11.2 5.4
MAH 85 84.2 14 7.6
MAE 91.2 84.2 20.2 7.6
MAC 96.6 89.75 25.6 13.15
MAA 95.4 125 24.4 48.4
MAB 97.2 112.25 26.2 35.65
MAK 71 76.6

EXAMPLE 72.4 (MAF) - 71 (MAK) = 1.4

Difference between un-grooved control and grooved test
specimens for dry conditions (Figure 7.9)

Original Data Difference

80 Dry 90 Dry 80 Dry 90 Dry
MAF 99.75 100 -3.05 -3.4
MAD 98.75 100 -4.05 -3.4
MAH 106.75 99 3.95 -4.4
MAE 106.00 104.5 3.20 1.1
MAC 100.25 101.5 -2.55 -1.9
MAA 130.25 107.6 27.45 4.2
MAB 114.50 105.75 11.70 2.35
MAK 102.80 103.4

EXAMPLE 71 (MAF) - 99.75 (MAK) = -3.05
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PTV Data for the difference between 80 and 90 degree PTV dry and wet.

Difference between 80 and 90 degree PTV, dry. (Fig.7.10)

Simulated Trafficking

0 10 100{ 200| 400| 800/ 1500/ 3000|{ 6000|10000{20000|{30000|50000| 75000
MAA 22.7| 25.1| 16.0| -0.2| 18.8] 14.0| 4.3| -3.8| -15.9|- - - - -
MAB 8.8 33.9 26.0f 22.8| 23.6] 11.8| 16.6] 9.4| 10.8|- - - - -
MAC -1.3 11.6 -3.5 32| -23 43| -0.8] 10.8] 11.6 9.2| 164| 104 5.4 0.8
MAD -1.3] -07] -19| -14| 26| 76| -08] 34| 52| -14 6.2 2.0 7.0 3.0
MAE 1.5 -03 2.1 -04| 13.0] 6.6 33| -02] 06 0.4 70 -0.2 44| 04
MAF -0.3 2.7 1.0 -14| -51 00| 58| -1.0/ -14 2.8 -5.2 2.2 5.4 3.2
MAH 7.8 4.1 7.1 0.8| 15.8| 17.0{ -84| 114| 116 6.0 04| -04| -42| -0.8
MAK -0.6] -02| 142| -06] 03] 62| -64| 28/ 0.6 770 -16 67| -5.6] -32

Difference between 80 and 90 degree PTV, wet. (Fig.7.12)
Simualted Trafficking

0 10 100[ 200| 400| 800/ 1500/ 3000|{ 6000|10000{20000|{30000|50000| 75000
MAA 29.6 29.0 36.4| 32.8| 37.2| 29.8| 15.8]| 25.4| 20.4|- - - - -
MAB 15.1 31.0 11.3 5.6/ 20.2| -0.2| 154 4.2| 13.2|- - - - -
MAC -6.8| 11.2| -143| 57| 64| 7.0| 11.2| 14.0( 12.0{ 19.2] 20.8] 128| 164| 438
MAD -02| -38| -24|-128| 64| 42| 26| 32| 32 28| -68 5.2 8.0 -24
MAE -7.0 -8.4 -1.8] -1.6| 44| 04| -22| -58] -44| -2.0 8.6 4.2 74 1.6
MAF 3.2 2.6 1.3 0.0 1.2 38/ 02 1.4 1.8 3.0 1.2 1.8 1.4 1.8
MAH -08]  -2.6 8.0] 58| 146| 11.0] 9.6 12.8| 124| 88| -34| -10.0 8.0 6.8
MAK 5.6 1.2 27| 16| 24| 20| 22| 06/ 04 1.2 1.0 1.8 0.6 -0.2
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Change in contact area for all idealised groove test specimens when rotated from 0

degrees up to 12 degrees.

Change in contact area for all idealised
groove test specimens. (Fig.9.7)
gib Wid;h / . iota;tion Contact Area
roove Spacing |Angle 2
Ratio (Degrees) (mm’)
0 4591
3 5263
0.77 6 5556
9 6642
12 7359
0 3559
3 2626
0.63 6 3005
9 6642
12 5608
0 1153
3 1048
0.45 6 838
9 735
12 523
0.91 0 8114
0 3927
3 6049
0.84 6 5901
9 5133
12 8043
0 1388
3 1356
0.73 6 3117
9 2872
12 4076
0 2995
3 3853
0.76 6 3540
9 4937
12 7610
0 9100
1.00 10 9051
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PTV data for all Rib / width / Groove spacing ratio for rotation angle between 0 and

12 degrees.

Plot of Pendulum Test Value (PTV) and rotation angle. (Fig.9.12)

Rotation Angle (Degrees)

Rid Width / Groove spacing ratio 0 3 o 5 12
0.77 64 55.6 57.4 43 35.6
0.63 74.4 85.8 97 91.6 46.8
0.45 72.2 88.2 93.2 114.4 115.4
0.91 43 - - - -
0.84 49 39.6 39.4 34.8 24.6
0.73 96.2 90 76.4 79.2 70.6
0.76 66.8 55.8 67 46.2 28.4
1 14.2 15 14.4 14.2 14
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PTV Data of Idealised grooves Vs rib width / groove spacing ratio

PTV of idealised grooves Vs rib width /
groove spacing ratio. (Fig.9.13)

Rib Width
/ Groove [Rotation [ContactArea
Spacing [Angle (mm®)
Ratio (Degrees)
0 64.0
3 55.6
0.77 6 57.4
9 43.0
12 35.6
0 74.0
3 85.8
0.63 6 97.0
9 91.6
12 46.8
0 72.0
3 88.2
0.45 6 93.2
9 93.2
12 115.4
0.91 0 43.0
0 49.0
3 39.6
0.84 6 39.4
9 34.8
12 24.6
0 96.0
3 90.0
0.73 6 76.4
9 79.2
12 70.6
0 67.0
3 55.8
0.76 6 67.0
9 46.2
12 28.4
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Measured contact area Vs measured pendulum value for all rib width / groove

spacing ratios

Measured Contact Area Vs Measured Pendulum Value for all Rib
width / Groove spacing ratios. (Fig.9.14)
Contact Area Rib Width /
(mm2) Groo.ve . PTV
Spacing Ratio

4591 0.77 64
5263 0.77 55.6
5556 0.77 57.4
6642 0.77 43
7359 0.77 35.6
3559 0.63 74.4
2626 0.63 85.8
3005 0.63 97
6642 0.63 91.6
5608 0.63 46.8
1153 0.45 72.2
1048 0.45 88.2

838 0.45 93.2

735 0.45 114.4

523 0.45 115.4
8114 0.91 43
3927 0.84 49
6049 0.84 39.6
5901 0.84 39.4
5133 0.84 34.8
8043 0.84 24.6
1388 0.73 96.2
1356 0.73 90
3117 0.73 76.4
2872 0.73 79.2
4076 0.73 70.6
2995 0.76 66.8
3853 0.76 55.8
3540 0.76 67
4937 0.76 46.2
7610 0.76 28.4
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Multiple Linear Regression - Statistical outputs

Regression Statistics

Multiple R 0.86
R Square 0.74
Adjusted R Square 0.73
Standard Error 15.53
Observations 35
ANOVA

df SS MS F Significance F
Regression 2 22198.21| 11099.11 46.00 0.00
Residual 32 7720.52 241.27
Total 34 29918.73

Coefficients | Standard Error |t Stat P-value | Lower95% | Upper95% | Lower95.0% | Upper95.0%

Intercept 181.26 13.10 13.84 0.00 154.59 207.94 154.59 207.94
Ratio -156.92 16.60 -9.46 0.00 -190.73 -123.12 -190.73 -123.12
Angle -1.00 0.62 -1.61 0.12 -2.26 0.26 -2.26 0.26

PTV Data for Angled GMA subjected to 75,000 simulated wheel passes

Simulated Trafficking - Angled GMA subjected to 75,000 simulated wheel passes. (Fig

Angle 9.19)
(degrees) o] 100] 200] 400] 800] 1500] 3000] 6000]10000]20000]30000]50000] 75000
6| 88.2] 77.4] 69.8] 73.4] 70.0] 69.0] 70.7] 67.2] 64.0] 61.8] 652| 63.8] 625
9] 86.8] 75.0] 69.2] 69.2| 66.6] 66.6] 69.0] 64.6] 64.2| 662 670 666 666
12| 86.6] 67.4] 62.8] 64.8] 61.0] 62.6] 62.0] 63.6] 63.0] 63.0] 602] 56.6] 57.4
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The Red Lion load cell Calibration data is detailed below

Red Lion Calibration
Red Lion Value
Applied Load (k;
bp (ke) Load Unload
0 -0.04 -0.04
10 0.05 0.05
20 0.14 0.14
30 0.24 0.24
40 0.33 0.33
50 0.43 0.43
60 0.53 0.53
70 0.63 0.63
80 0.73 0.73
90 0.83 0.83
100 0.93 0.93
120
100 1 y = 102.58x + 5.2385
] R? =0.9997
oB
=)
g=}
[9+]
o
—
o
2
a.
Q.
<
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Red Lion Value
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Determination of the resultant force acting through the friction tyre

Red Lion Value

Force on Tyre

Resultant force acting

Applied Load Load Unload  |Load Unload  |Newtons through friction tyre (kN)
Zero Load - 0 - 0 - - -
Loading Carriage Self Weight 0 0.28 0.34 33.96 40.12 333.16 0.33
10 0.38 0.45 44.22 51.40| 433.79 0.43
20 0.48 0.56 54.48 62.68] 534.42 0.53
30 0.59 0.67 65.76 73.97]  645.11 0.65
40 0.7 0.81 77.04 88.33]  755.81 0.76
50 0.83 0.93 90.38| 100.64| 886.63 0.89
60 0.94 11 101.66| 118.08| 997.32 1.00
70 1.07 1.23 115.00] 131.41| 1128.14 1.13
80 1.23 1.37 131.41| 145.77| 1289.15 1.29
90 1.35 1.44 143.72 152.95| 1409.91 141
100 1.49 1.49 158.08] 158.08| 1550.79 1.55
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DRAFT - Grooved Marshall Asphalt Wear Test

1. Pre-pare Marshall Asphalt Test Specimens using mould sizes of 305mm x 305mm x
50mm.

2. Assess the surface of the Marshall Asphalt before trafficking.

a. Testing should include determination of initial pendulum values utilising
the BS EN 13036 - Road and airfield surface characteristics - Part 4 - The
Pendulum Test and photogrammetry to generate 3D models of the test
surface to analyse in Digital Surf MountainsMap Software.

b. Additional testing should be adopted dependent on purpose of data
collection.

3. Groove Marshall Asphalt to recommended / desired groove dimensions.

4. Assess the surface of the Grooved Marshall Asphalt before trafficking.

a. Testing should include determination of initial pendulum values utilising
the British Pendulum Tester, photogrammetry to generate 3D models of
the test surface.

b. Additional testing should be adopted dependent on purpose of data
collection.

5. Subject Grooved Marshall Asphalt to simulated trafficking using the Road Testing
Machine. Visual observation should be carried out regularly to visually assess the
change of the grooves / rib.

6. At each trafficking interval assessment of the surface should be made and testing
as per 3.a should be carried out. Assessment of the surface should be carried out at
regular trafficking intervals to be able to identify the time where critical changes in

the surface may occur.

The method above serves as a draft which and it is recommend this method be integrated
into the Ministry of Defence (United Kingdom) - Specification 13 - Marshall Asphalt for
Airfields specification or serve as a stand-alone method to assess wear of Grooved Marshall

Asphalt.
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3D Modelling and Digital Surf MountainsMap process flow diagram.

Zephyr 3DF Aerial was used to create a 3D Model. A series ofimages of the test surface were

imported in Zephyr 3DF.

The home screen of Zephyr is shown above.

B 30¢ Ze=ahyr feniai 4506 - o kS

Before 3D modelling, the series of images were graded based on quality of image using the

‘Image Quality Index Utility’.
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The ‘Image Quality Index Utility’ graded the images as shown above.

261



B 521 the quality incex theeshoid

Zephyr recommends the number of images to used based on the ‘Image Quality Index
Utility’.

Based on Zephyrs recommended images, the software will recommend images to proceed

with 3D modelling.

262



Two number settings require in put. ‘Category’ and ‘Presets’. ‘Category’ refers to how the

images were captured. In this case ‘Close Range’ was selected.
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‘Presets’ refers to the processing detail and subsequently the speed at which the software

generates point data.

Once ‘Category’ and ‘Presets’ have been selected. The software illustrates the selected

settings - Stating the number of images the model will be based on, the category and the

preset.
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After the software processed the images it will display a project wizard that states if

reconstruction of the surface could be generated from the images selected.
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The ‘Sparse Point Cloud’ is then further re-constructed to develop a ‘Dense Point Cloud’.

Similar to before, the ‘Category’ and ‘Presets’ were selected.
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Once the ‘Dense Point Cloud’ is generated. The surface required re-orientation to determine

the Z - Axis. This was done through the “Triangle’ method within the software.

FUENE R o= e
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The 3D g surface is now created and the Z - axis determined. The 3D model was exported

as a txt file to use in Digital SurfMountains Map.
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Digital Surf MountainsMap was used to analyse the 3D models generated.

HoEEOPmEmV S

The txt file is loaded into a MountainsMap document to be analysed.

268



sRwAS-

& 150 pesoums)

HomeOOTmAmP S

The Area of Interest (the pendulum contact area) was extracted from the approximate area

the pendulum would interface when pendulum testing the test specimen.

Mauntzired 3bg: Pramium .2 LDi41

The Area of Interest was then extracted from the original model.
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The ‘Volume Parameters’ was then generated from the Area of interest. This data was

collected and analysed.
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Publications by ].D. Ferguson

Ferguson, Jason, D. Woodward, and Phillip Millar. "Laboratory investigation of the landing aircraft
tire contact patch." In 7th international conference bituminous mixtures and pavements. CRC Press,

20109.

Ferguson, ]., Woodward, D., Millar, P. (2022). ‘Laboratory prediction of grooved Marshall Asphalt skid
resistance performance’. The Institute of Asphalt Technology 2022 Yearbook. Pages 63 - 67.

Woodward, D., Millar, P., Tierney, C., Ferguson, J. (2020). ‘Development of a test method to investigate
the tyre road interface’. Asphalt Professional. No. 85. Pages 10-20.
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